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SUMMARY 
The work comprises part of a continuing r e s e a r c h programme 
on c o l l i e r y s p o i l , undertaken at Durham U n i v e r s i t y . 
The purpose of the present work was to e l u c i d a t e m a t e r i a l 
c o n s t r a i n t s c o n t r o l l i n g the behaviour of s p o i l heaps. The 
extent of curvature of the f a i l u r e envelope of coarse c o l l i e r y 
d i s c a r d has been i n v e s t i g a t e d . L i n e a r envelopes f i t t e d to a 
range of s p o i l s a s s o c i a t e d with bituminous c o a l s are shown to 
have s t a t i s t i c a l l y v a l i d cohesion i n t e r c e p t s . Cohesion, c', i s 
i n t e r p r e t e d , however, as being a product of a curved envelope. 
The expression T = m (Q*1)2 i s used to describe the f a i l u r e 
envelopes of these s p o i l s : some p r o p e r t i e s of the curves are 
i l l u s t r a t e d . I t i s b e l i e v e d that burnt and high rank m a t e r i a l s 
may have l i n e a r envelopes with c 1 = 0. For d i s c a r d s , conventional 
r e v e r s i n g shear-boxes are u n s a t i s f a c t o r y for r e s i d u a l shear 
stre n g t h determinations. 
Two p o t e n t i a l sources of i n s t a b i l i t y , which may be present 
w i t h i n t i p s , were a l s o s t u d i e d . These a r e , the p o s s i b l e 
occurrence and shear s t r e n g t h of buried l a y e r s of weathered 
d i s c a r d , and the c o n s o l i d a t i o n and shear str e n g t h behaviour 
of lagoon sediments ( t a i l i n g s ) . 
Experiments conducted on f r e s h d i s c a r d were compared with 
r e s u l t s acquired for o l d e r , s u r f a c e waste heap m a t e r i a l s from 
the same c o l l i e r y . 
I t i s deduced that compacted coarse d i s c a r d s are not prone 
to p h y s i c a l weakening u n l e s s they contain about 50 per cent 
s e a t e a r t h . 
Consolidation parameters obtained from Rowe C e l l t e s t s 
on lagoon d i s c a r d s show a varying r a t e of c o n s o l i d a t i o n , 
being r a p i d near the lagoon i n l e t , but slow at the o u t l e t . 
( i i ) 
SUMMARY (Cont'd.) 
The amount of c o n s o l i d a t i o n , however, i s uniform. The 
promotion of c o n s o l i d a t i o n by contained f l o c c u l a n t s was 
a l s o considered. S t a r c h f l o c c u l a n t s are shown to possess 
no c o n s i s t a n t advantages i n comparison with p o l y e l e c t r o l y t e s . 
F i n a l l y , v arious f a c t o r s such as curved f a i l u r e envelopes 
and weak m a t e r i a l s buried w i t h i n and under t i p s are a s s e s s e d , 
using a slope s t a b i l i t y program developed by the w r i t e r . 
( i i i ) 
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1.1 Background of r e s e a r c h i n t o c o l l i e r y d i s c a r d 
When Tip number 7 at Aberfan f a i l e d i n 1966, there was l i t t l e 
knowledge of the behaviour of c o l l i e r y d i s c a r d s . S p o i l was disposed 
of as cheaply as p o s s i b l e , with l i t t l e a p p r e c i a t i o n of the p o t e n t i a l 
dangers. 
Aft e r the d i s a s t e r , s i t e i n v e s t i g a t i o n s were i n i t i a t e d by the 
National Coal Board upon other p o t e n t i a l l y dangerous t i p s . T h i s answered 
the questions of s t a b i l i t y of the t i p s concerned, but gave l i t t l e 
information upon the long term or o v e r a l l behaviour of c o l l i e r y s p o i l . 
To obtain information i n t h i s r e s p e c t , f u r t h e r r e s e a r c h was undertaken. 
I t i s of t h i s r e s e a r c h programme that the current work forms a p a r t . 
1.2 Aims of current work 
The current work i s concerned with some of the p r o p e r t i e s of both 
coarse and f i n e c o l l i e r y d i s c a r d s * . I n v e s t i g a t i o n of coarse c o l l i e r y 
d i s c a r d s has i n d i c a t e d that contrary to e a r l i e r b e l i e f , there i s l i t t l e 
weathering i n the body of old, l o o s e l y placed t i p s (McKechnie Thomson 
and Rodin, 1972). Weathering i s r e s t r i c t e d to the outermost 3m at the 
maximum. However, considerable breakdown could occur during emplacement, 
e s p e c i a l l y with modern t h i n l a y e r c o n s t r u c t i o n techniques. Some of the 
main f a c t o r s r e l a t i n g to the extent and e f f e c t s of s u p e r f i c i a l weathering 
* Coarsediscard c o n s i s t s p r i n c i p a l l y of m a t e r i a l above 0.5mm i n s i z e 
separated i n the washery. F i n e d i s c a r d c o n s t i t u t e s f i n e m a t e r i a l l e f t i n 
suspension a f t e r the washing process ( s l u r r y ) and m a t e r i a l normally l e s s 
than 0.5mm s i z e separated by the f r o t h f l o t a t i o n process ( t a i l i n g s ) 
(McKechnie Thomson and Rodin, 1972). 
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upon peak and r e s i d u a l shear strength parameters of modern compacted 
s p o i l heaps are therefore considered i n the current work (Chapter 2). 
Another point to emerge from past i n v e s t i g a t i o n s was that some 
coarse d i s c a r d s apparently possessed curved Mohr f a i l u r e envelopes 
(McKechnie Thomson and Rodin 1972, Taylor and Spears 1972). T h i s 
s u b j e c t has been i n v e s t i g a t e d i n more d e t a i l i n Chapter 3, i n terms of 
both peak and r e s i d u a l shear s t r e n g t h . 
Compared to coarse c o l l i e r y discards,the p r o p e r t i e s of f i n e d i s c a r d s 
are l e s s w e l l known. S u f f i c i e n t data were c o l l e c t e d for the range of the 
peak shear s t r e n g t h and permeability parameters to be reasonably w e l l 
known. However, there was l i t t l e data on the c o n s o l i d a t i o n parameters 
and, with that which has been recorded, t e s t s were c a r r i e d out with small 
(76mm diameter) oedometers. Because there i s reason to b e l i e v e such 
parameters to be misleading (Rowe and Barden, 1966), the c o n s o l i d a t i o n 
p r o p e r t i e s of m a t e r i a l s from two f i n e d i s c a r d lagoons have been 
i n v e s t i g a t e d using large (150mm diameter and above )Rowe c e l l s f or the 
f i r s t time. 
Large l y i n response to a request from the National Coal Board, an 
attempt has a l s o been made to evaluate the e f f e c t s of two d i f f e r e n t types 
of f l o c c u l a n t upon the c o n s o l i d a t i o n parameters of t a i l i n g s , s i n c e t h i s 
could have a bearing on the economics of excavating lagoons. 
The i n s i t u shear s t r e n g t h of lagoon deposits i s another f a c t o r 
which i s important, p a r t i c u l a r l y v/hen i t i s necessary to excavate the 
d e p o s i t s . I n t h i s respect an e v a l u a t i o n of vane shear strengths has been 
c a r r i e d out. This part of the work has drawn a t t e n t i o n to the high degree 
of v a r i a b i l i t y a c r o s s a lagoon, both i n g r a i n s i z e and i n the degree of 
c o n s o l i d a t i o n . 
F i n a l l y , s t a b i l i t y a n a l y s e s have been undertaken, to determine what 
e f f e c t , i f any, the more important f a c t o r s a r i s i n g from the foregoing 
i n v e s t i g a t i o n s have upon c o l l i e r y s p o i l embankments. These f a c t o r s are: 
buried weathered l a y e r s from extension of an old t i p , curved shear s t r e n g t h 
envelopes and u n f a v o u r a b l e s i t u a t i o n s w hich a r i s e when lagoons are 
o v e r t i p p e d w i t h coarse d i s c a r d . 
O v e r t i p p i n g i n excess o f 3m i n t h i c k n e s s i s n o r m a l l y p r o h i b i t e d 
( N a t i o n a l Coal Board 1970). This r e s u l t s i n severe p r e s s u r e on t i p p i n g 
space. I n s t e a d o f b e i n g o v e r t i p p e d , many lagoons may have t o be reused 
by e x c a v a t i o n o f t h e p a r t l y c o n s o l i d a t e d d e p o s i t s , which w i l l then have 
t o be disposed o f w i t h t h e coarse d i s c a r d elsewhere i n t h e l a y e r e d heap. 
I n o r d e r t o perform these s t a b i l i t y a n a l y s e s , a computer program 
has been w r i t t e n by t h e a u t h o r . I t i n c o r p o r a t e s a number o f o p t i o n s 
which enable i t t o cope w i t h the above problems, v i z : a m u l t i - l a y e r e d 
s l o p e , the shear s t r e n g t h parameters o f each l a y e r o f t h i s can be curved 
o r l i n e a r , w i t h or w i t h o u t a n i s o t r o p y . To c a t e r f o r t h e o v e r t i p p i n g 
s i t u a t i o n , excess pore p r e s s u r e s i n i n d i v i d u a l l a y e r s can a l s o be 
s p e c i f i e d , w h i l e analyses by b o t h c i r c u l a r arc and n o n - c i r c u l a r f a i l u r e 
s u r f a c e s may be performed. 
1.3 Methods employed 
To determine t h e w e a t h e r i n g e f f e c t s , peak and r e s i d u a l shear 
s t r e n g t h o f ex-washery m a t e r i a l and o f s u p e r f i c i a l m a t e r i a l from the 
s p o i l heap have been determined. The m a t e r i a l from t h e s p o i l heap had 
t o be a t l e a s t 6 months o l d . Where p o s s i b l e , m a t e r i a l from the body o f 
t h e t i p was a l s o t e s t e d . The l o c a t i o n s o f the c o l l i e r i e s from which 
m a t e r i a l was o b t a i n e d are shown i n F i g u r e 1.1. 
Peak shear s t r e n g t h s o f coarse c o l l i e r y d i s c a r d s were determined by 
means o f c o n s o l i d a t e d - d r a i n e d (Cd) t r i a x i a l t e s t s , f o l l o w i n g t h e 
procedure d e s c r i b e d by Bishop and Henkel (19^2, p l 2 2 f f ) . Samples were 
f a b r i c a t e d by compacting t h e p a s s i n g 19mm f r a c t i o n t o B r i t i s h S tandard 
maximum d e n s i t y (2.5kg rammer) i n a 100 mm diameter mould. I n s i t u 
d e n s i t i e s were found t o be g e n e r a l l y i n accordance w i t h those used i n 
t h e t e s t s . P r e v i o u s work by McKechnie Thomson and Rodin (1972) had 
a l r e a d y shown t h a t e f f e c t i v e shear s t r e n g t h i s i n s e n s i t i v e t o t h e 
i n i t i a l placement d e n s i t y o f these m a t e r i a l s . S a t u r a t i o n was ensured 
by u s i n g t h e b a c k - s a t u r a t i o n t e c h n i q u e , a back-pressure o f 280 kN/m 
b e i n g employed. The t r i a x i a l t e s t r i g system used i n t h i s work i s shown 
i n F i g u r e 1.2. As s e t up i n t h i s f i g u r e , a maximum e f f e c t i v e c o n f i n i n g 
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pres s u r e o f 630 kN/m can be o b t a i n e d . I n i t i a l l y , however, an e f f e c t i v e 
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c o n f i n i n g p r e s s u r e o f o n l y 210 kN/m was a t t a i n a b l e . 
For r e s i d u a l shear s t r e n g t h s , a r e v e r s i n g shear - box was employed. 
For coarse d i s c a r d s , a 0.3 x 0.3 m box was used, w h i l s t a 60 x 60 mm 
box was employed f o r f i n e r m a t e r i a l s . I n the l a r g e r box, samples were 
manufactured by compaction o f t h e p a s s i n g 38 mm f r a c t i o n . The r e v e r s i n g 
shear - box i s n o t p a r t i c u l a r l y s a t i s f a c t o r y f o r d e t e r m i n i n g r e s i d u a l 
shear s t r e n g t h s o f 'degrading' aggregates such as c o l l i e r y s p o i l s , due 
ma i n l y t o t h e sample l o s s t h a t o c c u r s . T h i s sample l o s s i s caused by 
p a r t i c l e s v/orking t h e i r way between t h e two h a l v e s o f t h e box as they 
move back and f o r t h . However, a r i n g shear - box, which l a r g e l y o v e r -
comes t h i s problem, was not a v a i l a b l e f o r t h e c u r r e n t work. 
C o n s o l i d a t i o n t e s t s were performed i n two Rowe c e l l s , one o f 25^ mm 
diameter and t h e o t h e r o f 152 mm d i a m e t e r . The o p e r a t i o n f o l l o w e d t h e 
method d e s c r i b e d by Rowe and Barden ( 1 9 6 6 ) . The system employed i s 
shown i n F i g u r e 1.3. I n t h i s , i t can be seen t h a t a back-pressure 
f a c i l i t y i s i n c o r p o r a t e d . T h i s a s s i s t e d i n s a t u r a t i n g t h e samples, which, 
b e i n g l a r g e , would o t h e r w i s e have t a k e n many days t o s a t u r a t e . The Rowe 
c e l l has s e v e r a l advantages over t h e c o n v e n t i o n a l 76 mm diameter oedometer, 
as w i l l be demonstrated i n Chapter k. I t may be mentioned h e r e , however, 
t h a t t h e s i n g l e d r a i n a g e s i t u a t i o n , combined w i t h t h e t h i c k samples which 
are p o s s i b l e w i t h the Rowe c e l l e f f e c t i v e l y slow down t h e r a t e o f 
c o n s o l i d a t i o n i n a t e s t . T h i s i s e x t r e m e l y u s e f u l w i t h some f i n e d i s c a r d s 
w hich have proved f r e e d r a i n i n g . The slow e r r a t e o f c o n s o l i d a t i o n imposed 
by t h e Rowe c e l l enables r e a d i n g s t o be taken where t h i s would have been 
i m p o s s i b l e w i t h an oedometer. 
5. 
The chemical and m i n e r a i o g i c a l a n a l y s e s were performed by 
Mr. R.G. Hardy. The major element geochemistry was determined u s i n g 
a P h i l l i p s PW1212 Automatic S e q u e n t i a l Analyser X-ray Flourescence 
(XRF) machine. A P h i l l i p s PW1130 2kW X-ray d i f f r a c t o m e t e r (XRD) machine 
was used t o determine t h e m i n e r a l o g y . 
1 . ^ F a i l u r e s o f s p o i l heaps and lagoons 
C o n s i d e r i n g t h e l a c k o f r a t i o n a l d e s i g n methods p r i o r t o 1966, 
i t i s s u r p r i s i n g t h a t so few o f t h e 2000 t i p s which have e x i s t e d i n the 
U n i t e d Kingdom have g i v e n s e r i o u s t r o u b l e . The commonest k i n d o f 
f a i l u r e was t h e " p l a i n g r a v i t y s l i d e " o f T e r z a g h i and Peck ( 1 9 6 7 ) . 
I n t h i s t y p e o f f a i l u r e ( F i g u r e l . ^ f ) , l i t t l e d i s t u r b a n c e o f t h e s l i d i n g 
mass occurs and s t r a i n s are not e x t e n s i v e . I t i s not u s u a l l y f a t a l . 
However,considerable damage may be caused t o f i x e d i n s t a l l a t i o n s . The 
shear plane t h a t i s formed i s a l s o a zone o f weakness t h a t may p e r m i t 
f u r t h e r f a i l u r e s t o occur. The f a i l u r e o f T i p 7 a t Aberfan i n 1966 
i s b e l i e v e d t o have been a r e a c t i v a t i o n o f an e a r l i e r f a i l u r e i n 1963 
(B i s h o p , H u t c h i n s o n , Penman and Evans, 1969). 
The f l o w s l i d e ( F i g u r e 1.5) i s p o t e n t i a l l y f a r more d e s t r u c t i v e . 
I n i t , t h e s l i d i n g mass i s much d i s t u r b e d and e x t e n s i v e s t r a i n s o f up 
t o 600 metres have been r e c o r d e d w i t h c o l l i e r y s p o i l ( B i s h o p , 1973). 
W i t h coarse c o l l i e r y d i s c a r d t h i s t y p e o f f a i l u r e has o n l y o c c u r r e d 
w i t h h i g h (50m), l o o s e t i p p e d f a c e s . I t r e q u i r e s a s u b s t a n t i a l 
r e d u c t i o n i n volume i n o r d e r t o t a k e p l a c e . T h i s i s because pore 
p r e s s u r e e l e v a t i o n i s necessary f o r r e d u c t i o n o f t h e e f f e c t i v e shear 
s t r e n g t h o f t h e m a t e r i a l t o n e g l i g a b l e p r o p o r t i o n s ( B i s h o p , 1973)* 
W i t h modern methods o f c o n s t r u c t i o n , w i t h low fa c e s and compacted 
m a t e r i a l s , such f a i l u r e s are u n l i k e l y t o oc c u r . 
A f a i l u r e o f a lagoon bank i s p o t e n t i a l l y d i s a s t r o u s . While 
the a c t u a l embankment f a i l u r e may be o n l y a p l a i n g r a v i t y s l i d e , t h e 
r e l e a s e o f v/ater and s a t u r a t e d , uncompacted t a i l i n g s which may f o l l o w 
can be h i g h l y d e s t r u c t i v e . For example, t h e f a i l u r e o f a t a i l i n g s 
dam across M i d d l e Fork, B u f f a l o Creek, i n West V i r g i n i a may be c i t e d . 
Here some 500,000m^ o f t a i l i n g s , s l u r r y and water was r e l e a s e d a f t e r 
Dam No. 3 f a i l e d i n 1972 ( B i s h o p , 1973), d e s t r o y i n g the town o f 
Saunders. T h i s embankment was c o n s t r u c t e d from uncompacted coarse 
d i s c a r d , a p r a c t i c e which has been phased out i n t h e U n i t e d Kingdom 
s i n c e the p u b l i c a t i o n o f t h e N a t i o n a l Coal Board's T e c h n i c a l Handbook's 
2nd d r a f t i n 1970. P r i o r t o t h i s s e v e r a l breaches o f lagoon banks had 
o c c u r r e d , w i t h a s s o c i a t e d t a i l i n g s r u n s , but f o r t u n a t e l y w i t h o u t 
d i s a s t r o u s consequences. 
T a i l i n g s lagoon embankments are o n l y r a i s e d when r e q u i r e d . They 
are thus l i a b l e t o c o n t a i n weathered c r u s t s . Thus, i f these a r e weaker 
than t h e remainder o f t h e s p o i l , the embankment may be weakened w i t h 
p o t e n t i a l l y s e r i o u s consequences. 
1.5 M i n e r a l o g y and w e a t h e r i n g o f c o l l i e r y d i s c a r d s 
1.5«1« Average m i n e r a l o g y o f s p o i l heaps 
B r i t i s h c o l l i e r y s p o i l i s an aggregate o f C a r b o n i f e r o u s Coal 
Measures age r o c k s . G e n e r a l l y , t h e d i s c a r d c o n t a i n s mudstone/shale, 
s e a t e a r t h , s i l t s t o n e and minor sandstone f r a c t i o n s . The p r o p o r t i o n s 
o f each can be h i g h l y v a r i a b l e , depending upon t h e s t r a t i g r a p h y a t t h e 
h o r i z o n s o f t h e c o a l seams be i n g worked, the p r o p o r t i o n s o f " r o o f " t o 
" f l o o r " ( i . e . t h e beds on t o p o f the c o a l seam t o those beneath i t ) 
w i l l a l s o v a r y from c o l l i e r y t o c o l l i e r y , and a l s o from seam t o seam 
i n t h e same c o l l i e r y . 
T a y l o r (1975) g i v e s the average m i n e r a l o g y o f 7^ specimens from 
England and Wales. T h i s i s reproduced i n Table 1.1. While these 
averages are somewhat b i a s e d towards the South Wales c o a l f i e l d (*f9 
out o f t h e 7^ specimens), due t o the preponderance o f i n v e s t i g a t i o n s 
i n t h i s c o a l f i e l d , some i n t e r e s t i n g p o i n t s can be seen. The loS 
micaceous c l a y - m i n e r a l s ( i l l i t e and mixed - l a y e r c l a y ) are 
dominant, amounting t o 50 per cent o f t h e t o t a l , w h i l e k a o l i n i t e i s a 
r e l a t i v e l y minor component. Comparisons between c o a l f i e l d s by T a y l o r 
7. 
(1975) i n d i c a t e t h a t a t the s t a t i s t i c a l 95 per cent c o n f i d e n c e l e v e l , 
t h e t o t a l c l a y - m i n e r a l c o n t e n t o f t h e E n g l i s h s p o i l samples ( e x c l u d i n g 
Durham) i s h i g h e r than t h e oo u t h Wales s u i t e , w h i l s t a t t h e same 
co n f i d e n c e l e v e l q u a r t z i s more abundant i n t h e Welsh m a t e r i a l s . 
I n c o n t r a s t t o B r i t i s h s p o i l s , s p o i l s from the West V i r g i n i a 
C o a l f i e l d , U.S.A., have q u a r t z as the dominant m i n e r a l (Busch, Backer 
A t k i n s and Kealy, 1975). I l l i t e and k a o l i n i t e are r e l a t i v e l y minor 
components. These West V i r g i n i a n s p o i l s are a l s o c o n s i d e r a b l y more 
carbonaceous, h a v i n g on average 29 per cent c o a l , compared t o t h e 
15 per cent average c o a l c o n t e n t o f B r i t i s h s p o i l s . 
A c c o r d i n g t o T a y l o r ( I 9 7 5 ) i potassium and sodium i o n s can 
l a r g e l y be a t t r i b u t e d t o c l a y m i n e r a l s (lo8 micaceous or i l l i t i c 
m i n e r a l s i n p a r t i c u l a r ) , s i n c e o t h e r K + and Na + b e a r i n g m i n e r a l s such 
as s u l p h a t e s and f e l d s p a r s , are on average pres e n t i n very s m a l l 
q u a n t i t i e s , ( T able 1.1). Alumina (A^Cv^) i s almost e n t i r e l y a 
c l a y - m i n e r a l s component. Hence, h i g h potassium oxide t o alumina 
(K^O/A^O^) and sodium o x i d e t o alumina (Na20/Al20^) r a t i o s are 
i n d i c a t i v e o f s h a l e s r i c h i n i l l i t e and m i x e d - l a y e r c l a y (lOA* m i n e r a l s ) , 
w h i l s t low r a t i o s i m p l y t h a t o t h e r c l a y m i n e r a l s such as k a o l i n i t e a r e 
predominant ( T a y l o r 1975)• 
R e c e n t l y , work by C o l l i n s (1976) has shown t h a t samples t a k e n 
from 8 c o a l f i e l d s i n f e r t h a t k a o l i n i t e i s t h e second most common 
m i n e r a l . T h i s c o n f i r m s e a r l i e r c o n c l u s i o n s o f T a y l o r and Spears 
( 1 9 7 0 ) , t h a t k a o l i n i t e was dominant i n t h e n o r t h e r n c o a l f i e l d s ( i . e . 
S c o t l a n d , Northumberland and Durham). C o l l i n s ' h i g h k a o l i n i t e samples 
were from S c o t l a n d . I t may w e l l be t h a t t h e average o r d e r o f abundance 
o f t h e main c l a y m i n e r a l s i n B r i t i s h c o a l f i e l d s i s : i ) i l l i t e , i i ) 
k a o l i n i t e , i i i ) m i x e d - l a y e r c l a y , i v ) minor c h l o r i t e . 
Table 1.1 
(Table 2, T a y l o r , 1975) 
Average M i n e r a l o g y o f 7^ specimens c o n s i d e r e d ( w t % ) 
I l l i t e 
Mixed l a y e r c l a y 
31.5) 
) — 57.5 
26.0) 
K a o l i n i t e 10.5 
C h l o r i t e 0.5 
Quartz 17.5 
Carbonates * 1.0 
Organic Carbon 13.0 
Trace s u l p h a t e s , p y r i t e , f e l s p a r , r u t i l e , phosphate ( a p a t i t e ) account 
f o r l e s s t h a n 2%. 
* Dominantly s i d e r i t e (FeCO^) 
9. 
1.5.2 Weathering 
The c l a y m i n e r a l s and q u a r t z are r e l a t i v e l y s t a b l e i n a normal 
temperate w e a t h e r i n g environment. The u n s t a b l e ( i . e . n o n - d e t r i t a l 
and secondary m i n e r a l s ) such as c a r b o n a t e s , p y r i t e and s u l p h a t e s make 
up a very s m a l l p r o p o r t i o n o f most s p o i l heaps (see Table 1.1). 
I n v e s t i g a t i o n s c a r r i e d out a t Y o r k s h i r e Main c o l l i e r y and L i t t l e t o n 
c o l l i e r y have shown t h a t t h e r e i s l i t t l e , i f any, m i n e r a l o g i c a l change 
i n the body o f t h e t i p ( T a y l o r , 197^a). I n t e n s e o x i d a t i o n was l i m i t e d 
t o t h e t o p metre i n b o t h s p o i l heaps, w h i l e a t Y o r k s h i r e Main the 
s o l u b l e s u l p h a t e c o n t e n t o n l y i n c r e a s e d s i g n i f i c a n t l y i n the t o p 3m 
o f the t i p . 
T h i s i n c r e a s e i s p r o b a b l y a r e f l e c t i o n o f p y r i t e d e c o m p o s i t i o n , 
the r e s u l t i n g s u l p h u r i c a c i d r e a c t i n g w i t h carbonates and i o n s i n t h e 
c l a y m i n e r a l s t o form gypsum (CaSO^.2^0) and j a r o s i t e (KFe^tSO^J^tOH)^). 
P y r i t e c o n t e n t showed two i n t e r e s t i n g h i g h s , one a t 3m i n depth and 
the o t h e r a t 3m above t h e water t a b l e , w h i c h was 36.6m below the s u r f a c e 
o f t h e t i p . 
I n terms o f p h y s i c a l d i s i n t e g r a t i o n , d e s i c c a t i o n f o l l o w e d by 
s a t u r a t i o n o f s h a l e type r o c k s can be i m p o r t a n t . The a i r i n t h e 
fragment i s p r e s s u r i s e d by t h e c a p i l l a r y p r e s s u r e s developed i n t h e 
o u t e r pores on w e t t i n g . The h i g h a i r p r e s s u r e s t h e n f o r c e a p a r t t h e 
m i n e r a l s k e l e t o n o f t h e fragment. T h i s method o f breakdown i s 
i n e f f e c t i v e on some r o c k s , and i t i s b e l i e v e d t h a t expandable mixed-
l a y e r c l a y i s a n o t h e r c o n t r o l on d i s i n t e g r a t i o n ( T a y l o r , 197^a). 
Where sodium i s t h e dominant exchangable c a t i o n i n m i x e d - l a y e r 
c l a y , d i s i n t e g r a t i o n can be v e r y r a p i d and complete. For example, t h e 
S t a f f o r d t o n s t e i n (a mudstone) w i l l explode when d r y p i e c e s are immersed 
i n water. T h i s m a t e r i a l c o n t a i n s 70 per cent expandable mica-
m o n t m o r i l l o n i t e and has a h i g h exchangable sodium f i g u r e (seven t i m e s 
t h e average f o r c o l l i e r y s p o i l s ) . 
10. 
With coarse c o l l i e r y d i s c a r d s , the average c o n t e n t o f expandable 
m i x e d - l a y e r c l a y i s h i g h ( T a b l e 1.1), t h i s i s o f f s e t t o some degree 
by a low average exchangeable Na + f i g u r e ( T a y l o r , 1 9 7 ^ ) . 
D i s i n t e g r a t i o n o f the weaker r o c k t y p e s w i l l a l s o be masked t o a 
c e r t a i n e x t e n t by the more s i l t y and s t r o n g e r i n e r t r o c k types which 
are p r e s e n t . 
Lawrence (1972) showed t h a t , i n South Wales a t l e a s t , t h e r e was 
a marked d i f f e r e n c e i n behaviour between s e a t e a r t h s ( i . e . f l o o r 
m a t e r i a l ) and r o o f r o c k s . The former d i s i n t e g r a t e d f a r more r a p i d l y 
upon exposure. 
I t s h o u l d be noted t h a t p h y s i c a l w e a t h e r i n g , as w i t h chemical 
w e a t h e r i n g i s r e s t r i c t e d t o the outermost 3m o f a t i p a t the g r e a t e s t 
e x t e n t (McKechnie Thomson and Rodin, 1972). 
1.6 Mechanical p r o p e r t i e s o f coarse and f i n e d i s c a r d s 
1.6.1 Coarse d i s c a r d 
Test r e s u l t s from a l l t h e s i t e i n v e s t i g a t i o n s i n England and 
Wales (McKechnie Thomson and Rodin, 1972) i m p l y t h a t t h e o v e r a l l 
e f f e c t i v e shear s t r e n g t h o f coarse c o l l i e r y d i s c a r d l i e s i n t h e range 
0' = 25.5 degrees t o 0' = ^1.5 degrees. S p o i l s from S c o t l a n d have 
a s m a l l e r range 0', from 25.5 t o 39 degrees. However, s p o i l s from 
West V i r g i n i a , formed from r o c k s o f s i m i l a r age t o B r i t i s h s p o i l s , 
have a 0' v a l u e which reaches 46 degrees (Busch, Backer and A t k i n s 197*0• 
I n t h e case o f many d i s c a r d s t h e Mohr f a i l u r e envelope i s curved, i . e . 
0' decreases w i t h i n c r e a s i n g normal s t r e s s (McKechnie Thomson and Rodin 
1972). 
The main m i n e r a l o g i c a l c o n t r o l on shear s t r e n g t h i s the c o a l 
c o n t e n t ( T a y l o r 19?4b). As t h e c o a l c o n t e n t i n c r e a s e s , the c l a y 
m i n e r a l c o n t e n t f a l l s , w h i l e t h e shear s t r e n g t h i n c r e a s e s . Quartz 
c o n t e n t has no s t a t i s t i c a l l y s i g n i f i c a n t c o r r e l a t i o n w i t h shear 
s t r e n g t h . V/hile t h e c o a l c o n t e n t o f t h e s p o i l may o f t e n mask 
1 1 . 
v a r i a t i o n s i n the s t r e n g t h o f the p a r e n t a l r o c k c o n s t i t u e n t s , such 
v a r i a t i o n s can be shown t o e x i s t . G o a l - f r e e m a t e r i a l from Cynheidre 
c o l l i e r y i n West Wales p r o b a b l y has a 0 value o f around 3^ degrees, 
w h i l e m a t e r i a l from B i r c h Coppice c o l l i e r y i n t h e South Midlands 
area p r o b a b l y has a 0 value of 27 degrees ( T a y l o r , 197^b). 
T h i s fundamental d i f f e r e n c e i n t h e shear s t r e n g t h o f the r o c k 
c o n s t i t u e n t s c o u l d be caused by s e v e r a l f a c t o r s , n o t a b l y c l a y m i n e r a l 
t y p e , p a r t i c l e g r a d i n g and t h e s t r u c t u r e o f the c l a y p a r t i c l e s f o r m i n g 
i n d i v i d u a l s h a l e fragments. I t i s a l s o p o s s i b l y a f u n c t i o n o f t h e 
e x t e n t o f dlagenisig..- I n t h i s c o n t e x t , P r i c e (1966) demonstrated a 
p o s s i b l e c o r r e l a t i o n between the u n i a x i a l s t r e n g t h o f some South Wales 
c o a l f i e l d r o c k s and t h e i r p r o b a b l e depth o f b u r i a l . The depth o f b u r i a l 
can be q u a l i t a t i v e l y r e l a t e d t o t h e rank o f the a s s o c i a t e d c o a l seams. 
I n terms o f t h e a c t u a l s t r e n g t h o f c o l l i e r y s p o i l s , however, t h e r e i s 
no c o r r e l a t i o n between shear s t r e n g t h and rank (Ratsey, 1973). Other 
v a r i a b l e s , such as t h e c o a l c o n t e n t , drown any s t r e n g t h v a r i a t i o n w i t h 
r a n k . 
There i s a p o s s i b l e c o r r e l a t i o n between shear s t r e n g t h and m a t e r i a l 
1 
p a s s i n g the B.S. 200 s i e v e , 0 t e n d i n g t o decrease w i t h i n c r e a s i n g 
f i n e s c o n t e n t (McKechnie Thomson and Rodin, 1972). T h i s may be r e l a t e d 
t 
t o T a y l o r ' s ( 1 9 7 ^ ) p r o p o s i t i o n t h a t 0 decreases w i t h i n c r e a s i n g c l a y 
m i n e r a l c o n t e n t , i n t h a t m a t e r i a l w i t h a l a r g e f r a c t i o n o f l e s s t h a n 
B.S, 200 s i e v e s i z e may w e l l have a h i g h c l a y m i n e r a l c o n t e n t . I t 
s h o u l d be p o i n t e d o u t , however, t h a t Ratsey (1973) d i d not f i n d a 
s t a t i s t i c a l l y s i g n i f i c a n t c o r r e l s t i o n between p a r t i c l e g r a d i n g and 
shear s t r e n g t h f o r h i s d a t a . 
1.6.2 F i n e d i s c a r d 
I n so f a r as i t i s knov/n, f i n e d i s c a r d has a lower shear 
s t r e n g t h range than does coarse c o l l i e r y d i s c a r d . The range o f 0' 
i s 21.5 t o 39 degrees. However, t h i s does not g i v e the t r u e p i c t u r e , 
as i n most cases, the shear s t r e n g t h o f t h e f i n e d i s c a r d i s g r e a t e r 
t h a n t h e a s s o c i a t e d coarse d i s c a r d from t h e same c o l l i e r y 
(McKechnie Thomson and Rodin, 1972). 
F i n e d i s c a r d s g e n e r a l l y possess a h i g h carbon c o n t e n t (35 t o 40 
per c e n t ) . T h i s i s p r o b a b l y the cause o f t h e i r shear s t r e n g t h s b e i n g 
h i g h e r t h a n t h a t o f t h e c o r r e s p o n d i n g coarse d i s c a r d s , which would 
c u s t o m a r i l y have a much lower carbon c o n t e n t (mean = 13 per c e n t ) . 
1,7 P u b l i s h e d m a t e r i a l . 
The w r i t e r s h o u l d mention t h a t p a r t s o f t h i s work have now been 
p u b l i s h e d i n : -
i ) 'The E n g i n e e r i n g Geology o f Devensian D e p o s i t s U n d e r l y i n g P.F.A. 
Lagoons a t Gale Common, Y o r k s h i r e ' (Q. J l . Engng. Geol. V o l . 9 i 
No. 3 pp 195 - 216) by T a y l o r , R.K., B a r t o n , R, M i t c h e l l , J . E . 
and Cobb, A.E. (1976) 
i i ) ' M i n e r a l o g i c a l and G e o t e c h n i c a l c o n t r o l s on t h e s t o r a g e and use 
o f B r i t i s h coal-mine wastes' ( 9 t h I n t e r n a t i o n a l Conference o f 
S o i l Mechanics and Foundation E n g i n e e r i n g , Tokyo, 1977) by 
T a y l o r , R.K. and Cobb, A.E. ( i n p r e s s ) . 
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EFFECTS OF WEATHERING PROCESSES UPON SHEAR 
STRENGTH OF COARSE COLLIERY DISCARDS 
2.1 I n t r o d u c t i o n 
Once unburnt s p o i l i s deeply b u r i e d w i t h i n a s p o i l heap, l i t t l e 
change a p p a r e n t l y t a k e s p l a c e , e i t h e r m i n e r a l o g i c a l l y o r m e c h a n i c a l l y 
( T a y l o r , 197^a). From i n v e s t i g a t i o n s a t Y o r k s h i r e Main and L i t t l e t o n 
c o l l i e r i e s , i t appeared t h a t w e a t h e r i n g was o n l y a c t i v e w i t h i n t h e 
outermost 3m o f a t i p . 
Now, w h i l e m a t e r i a l may be s t a b l e once b u r i e d below 3m de p t h , 
p r e s e n t day c o n s t r u c t i o n t e c h n i q u e s u s i n g t h i n , compacted l a y e r s , may 
le a v e s u r f a c e s exposed f o r c o n s i d e r a b l e p e r i o d s b e f o r e b u r i a l under a 
succeeding l i f t . I f w e a t h e r i n g processes are r a p i d , i t i s p o s s i b l e 
t h a t the m a t e r i a l v / i l l be s e v e r e l y degraded and weakened b e f o r e b u r i a l , 
e s p e c i a l l y upon i t s upper s u r f a c e . Lagoon embankments which are r a i s e d 
t o i n c r e a s e lagoon c a p a c i t y are a l s o l i a b l e t o s i m i l a r e f f e c t s . W i t h 
lagoon embankments t h e r e s u l t i n g weak zones would l i e p a r a l l e l t o t h e 
e x t e r n a l s u r f a c e , an u n f a v o u r a b l e p o s i t i o n from a s t a b i l i t y p o i n t o f 
view. 
While modern c o n s t r u c t i o n methods may p e r m i t e x c e s s i v e w e a t h e r i n g 
t o o c c u r , t h e y have e r a d i c a t e d t h e o l d problem o f b u r n i n g s p o i l banks. 
S p o i l , d e p o s i t e d a t i t s angle o f repose by t i p p i n g over h i g h f a c e s and 
w i t h the consequent low degree o f compaction, was ve r y s u s c e p t i b l e t o 
i g n i t i o n . I t i s the o p i n i o n o f Carr ( 1 9 ^ 7 / ^ 8 ) , t h a t the m a j o r i t y o f 
o l d t i p s caught f i r e . The source o f i g n i t i o n c o u l d be e i t h e r i n t e r n a l 
or e x t e r n a l . The e x t e r n a l cause would be hot c i n d e r s from the b o i l e r 
house, which were o f t e n d e p o s i t e d on t h e t i p , o r some o t h e r s m a l l f i r e 
s t a r t e d on t h e s u r f a c e , i g n i t i n g the c o a l y m a t e r i a l i n the t i p . The 
i n t e r n a l causes were exothermic o x i d a t i o n r e a c t i o n s . I n t e r n a l h e a t i n g 
v/as t h e most common cause o f combustion ( N a t i o n a l Coal Board, 
T e c h n i c a l Handbook 1970). B u r n i n g can t h u s be c o n s i d e r e d t o be an 
extreme w e a t h e r i n g e f f e c t . 
I n i n v e s t i g a t i o n s i n t o a p a r t l y b u r n t s p o i l heap a t Brancepeth, 
Co. Durham, by T a y l o r 1973a), t h e r e were two samples which c o n t a i n e d 
r e d ( b u r n t ) s h a l e . These two samples had the h i g h e s t shear s t r e n g t h s , 
w i t h 01 v a l u e s o f kO t o 4 l . 5 degrees compared t o a range o f 28.5 t o 
37.5 degrees f o r t h e remainder o f t h e samples. There was a l s o evidence 
t h a t the f a i l u r e envelope was c u r v e d , i n c o n t r a s t t o t h e unburnt 
Brancepeth s p o i l which had no d e t e r m i n a b l e c u r v a t u r e . 
While b u r n t c o l l i e r y d i s c a r d i s n o t now b e i n g formed, t h e r e a r e 
c o n s i d e r a b l e s t o c k s o f t h e m a t e r i a l i n o l d b u r n t and p a r t l y b u r n t heaps. 
I t s mechanical behaviour i s o f i n t e r e s t i n t h a t i t i s used not o n l y i n 
c o l l i e r i e s b u t elsewhere, as a s t r o n g a g g r e g a t e . I n o l d c o l l i e r i e s 
w hich are s t i l l a c t i v e t h e r e may be s u f f i c i e n t q u a n t i t i e s o f b u r n t 
s p o i l such t h a t i t cannot be i g n o r e d when d e s i g n i n g t h e t i p . 
The mechanical behaviour o f two b u r n t d i s c a r d s has been c o n s i d e r e d . 
One from t h e o l d (now c l o s e d ) I r e l a n d c o l l i e r y i n D e r b y s h i r e and t h e 
o t h e r from t h e a l s o c l o s e d Horden c o l l i e r y , Co. Durham. M a t e r i a l from 
th e l a t t e r i s c u r r e n t l y b e i n g e x p l o i t e d c o m m e r c i a l l y as an a g g r e g a t e . 
To d i s c o v e r how much shear s t r e n g t h r e d u c t i o n might be expected 
b e f o r e m a t e r i a l was b u r i e d i n a t i p , i t was decided t o compare the 
shear s t r e n g t h o f m a t e r i a l as c u r r e n t l y produced by t h e washery w i t h 
t h a t o f m a t e r i a l , from t h e s u r f a c e o f t h e t i p , which was a t l e a s t 
6 months o l d . I n a d d i t i o n , where i t proved p o s s i b l e , b u r i e d t i p 
m a t e r i a l was a l s o t e s t e d . I n a l l , s p o i l s from t h r e e d i f f e r e n t 
c o l l i e r i e s were i n v e s t i g a t e d . These were G e d l i n g ( l o w r a n k c o a l ) , 
K e l l i n g l e y ( l o w rank c o a l ) and Oakdale ( h i g h rank c o a l ) . K e l l i n g l e y 
and Oakdale were chosen t o show any d i f f e r e n c e i n b e h a v i o u r between 
s p o i l s from c o l l i e r i e s p r o d u c i n g low and h i g h rank c o a l s . G e d l i n g 
s p o i l i n d i c a t e s t h e behaviour o f a s p o i l o f h i g h s e a t e a r t h c o n t e n t . 
19. 
2.2 Gedling d i s c a r d (rank 802 and 902) 
2.2.1 Sampling 
F i v e bulk samples were obtained from Gedling c o l l i e r y , 
Nottingham ( F i g . 1.1). One was ex-washery, and another from the 
s u r f a c e of a part of the t i p which had been s t a t i o n a r y for 6-12 months. 
The other three samples came from a trench dug i n s p o i l which had been 
emplaced for 3-^ months. These three were taken at v a r i o u s depths, 
namely 1, 3 and k metres. I n additon, a s i n g l e U100 was driven i n t o 
m a t e r i a l that had been emplaced for up to 12 months i n the v i c i n i t y 
of the major haul road on the t i p . 
2.2.2 Chemistry and mineralogy 
The chemistry of the samples i s shov/n i n Table 2.1. There are 
some v a r i a t i o n s between the samples. The three samples from the body 
of the t i p , of some 3-^ months age, are reasonably s i m i l a r i n 
composition. The other two samples, i . e . that from the washery and 
that of 6 months age d i f f e r s l i g h t l y i n that t o t a l s i l i c a (SiO^) and 
alumina (A^O^) are lower than the samples from the body of the t i p . 
I t i s a l s o n o t i c e a b l e that the washery m a t e r i a l has a higher organic 
carbon content (16%) compared to the t i p (9-10%). From Table 2.2 i t 
i s n o t i c e a b l e that the 3-^ month o l d samples have very low I^O/Al^O^ 
r a t i o s , considerably lower than the average of Ratsey's (1973) eight 
ranked samples (Table 2.3). 
Considering the mineralogy which i s shown i n Table 2.*f, 
d i f f e r e n c e s are again n o t i c e a b l e . I n terms of c l a y minerals, the 
washery sample contains the g r e a t e s t proportion, while the 3-^ month 
old m a t e r i a l contains the l e a s t . The t i p m a t e r i a l s contain more 
quartz than the washery sample. Ankerite i s a l s o of noticeable 
proportions i n the t i p . Considering that a n k e r i t e i s a c l e a t 
mineral i n c o a l , i t i s perhaps s u r p r i s i n g that i t does not appear i n 
detectable proportions i n the washery m a t e r i a l which has the highest 
c o a l content. 
One mineral which does not appear i s j a r o s i t e . T h i s i n d i c a t e s 
a l a c k of s i g n i f i c a n t m i n e r a l o g i c a l a l t e r a t i o n , even i n the m a t e r i a l 
from the t i p s u r f a c e . 
I t should be mentioned that Gedling d i s c a r d contains a high 
proportion of s e a t e a r t h . During a three week period over which the 
make of d i r t was measured, s e a t e a r t h accounted for some 5^ per cent 
of a l l m a t e r i a l placed on the t i p . 
TABLE 2.1 
CHEMISTRY OF COARSE DISCARD SAMPLES 
WEIGHT PER CENT 
Components Gedling Gedling Gedling Gedling Gedling 
Tip Washery l m deep 3m deep 4m deep 
S102 54.13 48.21 57.92 57.48 57.50 
AL203 22.60 21.69 24.69 24.21 24.63 
FE203 ^.36 4.29 4.06 4.07 3.82 
MGO 1.54 1.48 1.37 1.40 1.32 
CAO 0.91 0.92 0.13 0.11 0.18 
NA20 0.49 0.35 O.36 0.37 0.36 
K20 3.55 3.62 0.77 0.76 0.73 
T102 1.02 0.91 1.08 1.07 1.08 
S 1.57 1.48 0.51 0.41 0.51 
P205 0.71 O.67 0.05 0.02 0.03 
C 9.12 16.39 9.04 10.09 9.84 
K e l l - Oakdale Oakdale I r e l a n d Horden Burnt 
i n g l e y Tip Washery Tip Shale 
S102 38.28 51.64 42.62 53.04 62.36 
AL203 21.61 25.50 28.16 30.21 25.05 
FE203 5.61 3.45 3.81 7.2?. 7.43 
MGO 1.19 1.06 1.17 1.78 1.21 
CAO 0.31 0.37 0.88 0.40 0.38 
NA20 0.33 0.28 0.40 0.66 0.4l 
K20 1.15 2.71 3.51 4.53 0.82 
T102 0.91 1.32 1.34 1.01 1.03 
S 3.67 0.53 0.77 1.06 1.19 
P205 0.19 0.07 0.17 0.08 0.10 
C 26.75 13.07 17.17 0.00 0.00 
TABLE 2.2 
ELEMENT OXIDE TO ALUMINA RATIOS OF COARSE DISCARD SAMPLES 
Components Gedling Gedling Gedling Gedling Gedling 
Tip Washery lm deep 3m deep 4m deep 
S102 2.39 2.22 2.35 2.37 2.33 
A1203 1.00 1.00 1.00 1.00 1.00 
FE203 0.19 0.20 0.16 0.17 0.15 
MGO 0.07 0.07 0.06 0.06 0.05 
CAO 0.04 0.04 0.01 0.00 0.01 
NA20 0.02 0.02 0.01 0.02 0.01 
K20 0.16 0.17 0.03 0.03 0.03 
T102 0.05 0.04 0.04 0.04 0.04 
S 0.07 0.07 0.02 0.02 0.02 
P205 0.03 0.03 0.00 0.00 0.00 
C o.4o 0.76 0.37 0.42 0.40 
K e l l - Oakdale Oakdale I r e l a n d Horden Burnt 
i n g l e y T ip Washery Tip Shale 
S102 1.77 2.02 1.51 1.76 2.49 
AL203 1.00 1.00 1.00 1.00 1.00 
FE203 0.26 o.l4 0.14 0.24 0.30 
MGO 0.05 o.o4 0.04 0.06 0.05 
CAO 0.01 0.01 0.03 0.01 0.02 
NA20 0.02 0.01 0.01 0.02 0.02 
K20 0.05 0.11 0.12 0.15 0.03 
T102 0.0** 0.05 0.05 0.03 0.04 
S 0.17 0.02 0.03 0.04 0.05 
P205 0.01 0.00 0.01 0.00 0.00 
C 1.24 0.51 0.61 0.00 0.00 
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TABLE 2.3 
AVERAGE ALUMINA RATIOS OF 8 SAMPLES FROM RATSEY(1973) 
Component 
Ratio Average 
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TABLE 2.4 
MINERALOGY OF COARSE DISCARD SAMPLES 
WEIGHT PER CENT 
Discard Gedling K e l l i n g l e y Oakdale 
Minerals Washery Tip 6m old 
Tip 
4m old S t o c k p i l e 
8 y r s . o l d 
Above W.T, 
8 y r s . old 
Below W.T. 
Quart z 
I l l i t e * 
K a o l i n i t e 
C h l o r i t e 
Ankerite 
J a r o s i t e 






























































As can be seen i n F i g u r e s 2.1 and 2.2, Gedling d i s c a r d i s 
dominantly of sand and gra v e l s i z e , ranging up to coarse g r a v e l . 
Considering f i r s t the ex-v/ashery m a t e r i a l which i s shown i n Figure 2.1 
i t can be seen that the majority (56%) of the m a t e r i a l i s of g r a v e l 
s i z e , i . e . between 2 and 60mm. However, with kk per cent smaller than 
2mm s i z e and 20 per cent smaller than 0.072mm s i z e , i t i s f i n e grained 
i n so f a r as coarse d i s c a r d s are concerned. None of the eight ranked 
samples t e s t e d by Ratsey (1973) have more than 30 per cent smaller 
than 2mm and 11 per cent smaller than 0.072mm (Figu r e 2.1). 
Turning to the m a t e r i a l which had been on the s u r f a c e of the t i p 
for some 6-12 months, t h i s m a t e r i a l i s considerably f i n e r grained 
than the ex-washery m a t e r i a l , having 68 per cent smaller than 2mm 
and 35 per cent smaller than 0.072mm s i z e . Thus i n t h i s period of 
6-12 months, Gedling s p o i l can be degraded from a s i l t y - s a n d y g r a v e l 
to a s i l t y - g r a v e l l y sand. 
Of the three samples which were 3-^ months old when excavated 
(Figure 2.2), the sand s i z e content of the grading curves are s i m i l a r , 
but the g r a v e l s i z e s e c t i o n of the sample from 3m i n depth i s f i n e r 
than the other two. T h i s 3m deep sample has very l i t t l e m a t e r i a l 
coarser than 20mm. With an average of 55 per cent s m a l l e r than 0.072mm 
the grading of these m a t e r i a l s l i e s between the ex-washery m a t e r i a l 
and the 6-12 month old m a t e r i a l , but c l o s e r to the l a t t e r than the 
former. 
2.2.*t Shear stre n g t h 
2.2.*t.l Peak shear s t r e n g t h 
The peak shear strength of each of the samples was determined 
using four or more consolidated - drained t r i a x i a l t e s t s . I n the 
case of the 3-^ month old m a t e r i a l these t e s t s employed e f f e c t i v e 
2 
confining p r e s s u r e s (o^) of up to 630 kN/m . At the time when 
t e s t s were performed on the other two samples ( i . e . ex-washery and 
26. 
6-12 months o l d ) , however, the apparatus was only capable of 
2 
reaching an e f f e c t i v e c o n f i n i n g pressure of 210 kN/m . The s o l i t a r y 
2 
U100 sample was t e s t e d at an e f f e c t i v e confining pressure of 20 kN/m . 
» .i 
The values of c and <fi are determined by the l i n e r e l a t i o n s h i p . 
A l i n e drawn through the top points of the Mohr's c i r c l e s (the l i n e ) 
i s r e l a t e d to c' and 0' i n the f o l l o w i n g manner (Figure 2 . 3 ) . 
s i n 0 1 = tan 9 
i _ a 
cos 0' 
where tan 0 i s the gradient of the l i n e 
and a i s the y - i n t e r c e p t of t h i s l i n e . 
In order to obtain the best l i n e through the top points, the 
s t a t i s t i c a l l i n e a r r e g r e s s i o n method known as 'reduced major a x i s ' 
was employed. T h i s method assumes a normal e r r o r d i s t r i b u t i o n on 
the points i n both x and y d i r e c t i o n s . 
To c a r r y out the necessary c a l c u l a t i o n s , a computer program has 
been w r i t t e n (Appendix B ) . This program can a l s o drive the Calcomp 563 
p l o t t e r attached to the NUMAC IBM 370 machine. This p l o t t e r then 
produces a diagram (e.g. Figure 2 .10 ) shov/ing the shear s t r e s s to 
normal s t r e s s r e l a t i o n s h i p . The program can a l s o handle data obtained 
by shear-box t e s t s . 
Considering the r e s u l t s of the t r i a x i a l t e s t s , v/hich are shown 
i n F i g u r e s 2 .4 to 2 . 9 t there are a number of points common to a l l 
the samples from Gedling c o l l i e r y . The s t r a i n at f a i l u r e i s g e n e r a l l y 
l a r g e , from 10 to 20 per cent, with the s t r a i n a t t h i s condition u s u a l l y 
i n c r e a s i n g with the e f f e c t i v e confining p r e s s u r e . The volumetric 
s t r a i n i s s m a l l , never being greater than 2 .3 per cent. I t a l s o 
g e n e r a l l y i n c r e a s e s with the confining pressure. At low p r e s s u r e s 
2 
(70 kN/m ) and below), while there i s s t i l l an o v e r a l l volume decrease 
at f a i l u r e , the a c t u a l volumetric s t r a i n i s decreasing to a s l i g h t 
extent, e.g. the U100 sample, Figure 2 . 5 . 
2 7 . 
Compared with t y p i c a l examples of consolidated-drained t r i a x i a l 
shear s t r e s s - s t r a i n data given i n Part 3 . 4 of Bishop and H e n k e l ( l 9 6 2 ) , 
the m a t e r i a l i s behaving i n a manner which has s i m i l a r i t i e s with 
both a loose sand and a normally consolidated c l a y . I t i s , however, 
behaving i n a s i m i l a r way to that commonly found for coarse c o l l i e r y 
d i s c a r d of both B r i t i s h and American o r i g i n . The volumetric s t r a i n i s I 
I 
smaller than normal, though not to an abnormal degree. | 
The shear s t r e n g t h parameters of the samples are given i n Table 2 . 5 
and i l l u s t r a t e d i n F i g u r e s 2 . 1 0 to 2 . 1 3 - With a s t a t i s t i c a l l y determined 
l i n e a r envelope, a l l the samples e x h i b i t cohesion of varying amounts. 
For ease of comparison of the m a t e r i a l s , the equivalent shearing angle, 
0^ i s a l s o given i n Table 2 . 5 « McKechnie Thomson and Rodin ( 1 9 7 2 ) 
defined 0* as the angle between the normal s t r e s s a x i s and a l i n e 
drawn from the o r i g i n of the s t r e s s a x i s ( i . e . where c = 0 ) to the 
2 
point on the f a i l u r e s urface at 350 kN/m normal s t r e s s . 
i 
The f r e s h washery d i s c a r d ( F i g u r e 2 . 1 0 ) e x h i b i t s a peak 0' of 
2 7 . 5 ° with a small cohesion ( l i n e a r f i t ) , or a 0 of 3 0 ° . T h i s 
l i e s w ithin the range to be expected of c o l l i e r y s p o i l s ( i . e . 2 5 . 5 
to 42 degrees). The m a t e r i a l of 6 - 1 2 months age from the s u r f a c e of 
the t i p i s shown i n Figure 2 . 1 1 , along with the s o l i t a r y U100 sample 
r e s u l t (shown by dotted l i n e ) . T h i s weathered m a t e r i a l shows a low 
peak shear s t r e n g t h with 0 = l 6 . 9 ° and c = 3 3 « 9 kN/m^ - 0''' = 2 2 ° . 
The m a t e r i a l of 3 - 4 months age (Figure 2 . 1 2 ) was t e s t e d at much higher 
e f f e c t i v e confining pressures than the other samples. Owing to 
curvature of the f a i l u r e envelopes, which w i l l be discussed i n d e t a i l 
i n Chapter 3i the l i n e a r strength parameters cannot be compared 
meaningfully with those of the washery and 6 - 1 2 month old samples. 
However, the 0 1 values can s t i l l be compared. These l i e i n the 
range 2 6 ° to 2 8 ° i . e . between the washery and 6 - 1 2 month old samples, 
but c l o s e r to the former. Of the three horizons sampled i n the trench, 
28 
i 0 
that at 3m proved strongest, with a 0 of 28 , while that at lm 
1 o > proved weakest, 0 being 26 • The km deep sample had a 0 of e e 
o o ' 
27 . Compared to the value of 29 for 0 obtained for Gedling 
East s p o i l heap by Messrs Wimpey C e n t r a l L a b o r a t o r i e s i n 1 9 6 8 , 
these r e s u l t s show the present m a t e r i a l to be somewhat weaker. 
The p o s s i b l e explanations of these peak shear strength values w i l l 
be considered i n Section 2 . 2 . 5 . 
2 . 2 . 4 . 2 Residual shear s t r e n g t h 
The r e s i d u a l shear strength was determined on two samples, the 
f r e s h washery m a t e r i a l and the 6 - 1 2 month old m a t e r i a l . A 0 . 3 x 0 .3m 
r e v e r s i n g shear-box was used. The r e s i d u a l envelope was determined 
using a s i n g l e specimen, the step loading technique of Ratsey ( 1 9 7 3 ) 
being adopted. I n t h i s , the sample i s s u b j e c t to a stepwise i n c r e a s e 
i n normal s t r e s s to a maximum value, with shearing being continued at 
each increment u n t i l r e s i d u a l i s apparently a t t a i n e d . The sample i s 
then unloaded i n s t e p s , r e s i d u a l shear s t r e n g t h being measured at each 
stage. T h i s technique enables s t r e s s / s t r a i n behaviour at low normal 
s t r e s s e s ( i . e . equivalent to shallow depths i n t i p s ) to be observed. 
Lack of s u f f i c i e n t sample prevented i n d i v i d u a l specimens being run to 
r e s i d u a l at each normal pressure. 
The r e s i d u a l shear s t r e n g t h parameters of the Gedling m a t e r i a l s 
are shown i n Table 2 . 5 and i n Fi g u r e s 2 . 1 0 and 2 . 1 1 . They are s i m i l a r 
to each other, 0* being 1 2 . 1 ° with small amQunts of cohesion. T h i s 
i s lower than r e s i d u a l s t r e n g t h values customarily obtained f or coarse 
c o l l i e r y d i s c a r d . The range of values obtained by Ratsey ( 1 9 7 3 ) f o r 
8 ranked d i s c a r d s l i e s between 1 5 « 5 ° and 3 5 ° for s i m i l a r shear 
displacements. 
The s t r e s s ratio/displacement curves, shown i n Fi g u r e s 2 . 1 4 and 
2 . 1 5 show that r e s i d u a l was a t t a i n e d i n under 2m displacement i n 
both c a s e s . They a l s o show some other i n t e r e s t i n g p o i n t s . The 
maximum shear s t r e n g t h was not mobilised u n t i l considerable displacement 
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TABLE 2.5 
SHEAR STRENGTH PARAMETERS OF GEDLING SPOIL 
Sample Pea k Residual Figure 
c ' kN/m^  P 'V c kN/m r 0 ' * r \ 
Ex-washery 12.2 27.5° 30° 10.2 12.1° 33% 2.10 
6-12 months on 
sur f a c e of t i p 33.9 16.9C 22° 5.3 12.1° 46% 2.11 
3-4 
months 
i n t i p 
lm deep 24.7 22.0C 26.0° n.d. n.d. n.d. 2.12 
3m deep 12.8 25.7° 28.1° n.d. n.d. n.d. 2.12 
4m deep 31.3 22.6C 27.4° n.d. n.d. n.d. 2.12 
Composite 
r e s u l t 19.4 23.8
C 27.4° n.d. n.d. .n.d. ,2.13 
N.B. 0 1 determined upon Gedling s p o i l by Wimpey (1968) i s 28.7° 
* c 1 and 0 ' determined by reduced major a x i s s t a t i s t i c a l 
f i t 
+1. = B r i t t l e n e s s Index (Bishop 1967), determined at 80 kN/m b 
normal s t r e s s 
n.d. - not determined. 
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(0.08-0.lm) has occurred, corresponding to two to three r e v e r s a l s 
of the shear-box. This i s obviously s i m i l a r to the l a r g e s t r a i n s 
encountered i n the t r i a x i a l t e s t s before peak shear strength was 
developed. A f t e r passing the peak stre n g t h , the s t r e s s r a t i o , and 
therefore shear strength, drops s t e a d i l y , but f a i r l y r a p i d l y . That 
the m a t e r i a l bears l i t t l e r e s i s t a n c e to degradation on shearing, 
even at low normal s t r e s s e s , i s shown by the high values of Bishop's 
( 1 9 6 7 ) Drained B r i t t l e n e s s Index ( I , ) (Table 2 . 5 ) . 1^ i s defined as: 
(T - T ) b 
I = f r b x 100 
T 
f 
v/here T^ . i s the peak shear s t r e s s 
and T i s the r e s i d u a l shear s t r e s s , r 
I t i s c a l c u l a t e d i n the current work from the shear-box data at the 
2 
f i r s t normal s t r e s s increment, i . e . 80 kN/m . 
The t i p m a t e r i a l , with an 1^ value of 46 per cent i s obviously 
more b r i t t l e than the washery m a t e r i a l which has an 1^ value of 
36 per cent. However, both are high, i n d i c a t i n g the b r i t t l e n e s s of 
Gedling s p o i l . 
The shape of the s t r e s s - s t r a i n p l o t s f o r i n d i v i d u a l runs r e q u i r e s 
some explanation. I t can be seen that for each i n d i v i d u a l run, the 
shear s t r e s s r i s e s r a p i d l y i n i t i a l l y . There i s then a pronounced 
i n f l e x i o n , a f t e r which (apart from the f i r s t few runs) the shear 
s t r e s s continues to r i s e s l i g h t l y . T h i s behaviour i s c h a r a c t e r i s t i c 
of a r e v e r s i n g shear-box (Bishop, Green, Garga, Andresen and Brown 
1971). The cause i s not known with c e r t a i n t y , but Taylor (1973b) 
suggests that i t i s due to the i n t e r a c t i o n of the t r a i l i n g edges of 
the two halves of the box with the sample*. That t h i s i s so i s a l s o 
* Ov/ing to these unpredictable e r r o r s , no area c o r r e c t i o n has been 
applied i n the c a l c u l a t i o n of shear s t r e s s . The area c o r r e c t i o n , i f applied, 
would have the e f f e c t of i n c r e a s i n g the shear strength at the end of the 
run. The e f f e c t of the decreasing area of contact of the sample i s 
obviously l e s s than that of the other e r r o r s inherent i n the apparatus. 
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suggested by the l a c k of any r i s e at the end of shear-box t r a v e l 
when the same shear-box was used to determine the shear strength 
of a j o i n t plane i n a sandstone block. T h i s rock v/as cemented such 
that i t v/as contained i n the centre of the box, and there was no 
p o s s i b i l i t y of i t coming i n contact with the s i d e s of the shear-box. 
As s t a t e d , the shear s t r e s s did not continue to r i s e with displacement; 
a f t e r f a i l u r e i t tended to remain at a constant value. 
Another feature of the i n d i v i d u a l s t r e s s - s t r a i n curves i s the 
small peak which developes at the i n f l e c t i o n point i n the curve 
(Fi g u r e 2.l6a). T h i s peak has been i n t e r p r e t e d as an o r i e n t a t i o n 
e f f e c t (Agarwal, 1967, Bishop et a l , 197D. This i n t e r p r e t a t i o n 
was v e r i f i e d by McWilliam (1975). The problem then a r i s e s as to 
what value should be taken to represent the shear s t r e n g t h . When 
the stress-displacement curve from a r i n g shear-box was compared to 
that from a r e v e r s i n g shear-box by Bishop et a l (1971) they found 
that the r i n g shear-box curve coincided at times with the troughs, 
at others with the peaks and o c c a s i o n a l l y with n e i t h e r (Figure 2.l6a 
and b ) . They a l s o note that there i s l i t t l e t h e o r e t i c a l j u s t i f i c a t i o n 
for taking the troughs as the r e s i d u a l s t r e n g t h . Normal p r a c t i c e i s 
to take the value at the peak of the r e o r i e n t a t i o n peak as the shear 
strength, and t h i s has been followed i n the current work*. 
The l a r g e - s c a l e displacement t e s t s on Gedling s p o i l showed good 
examples of these r e o r i e n t a t i o n peaks. At the end of the shear t e s t , 
the top h a l f of the box could be removed complete with the top h a l f of 
the sample. T h i s revealed a s i n g l e w e l l developed, s l i c k e n s i d e d , shear 
plane ( F i g u r e 2.17). 
* I t should be noted, however, that c o l l i e r y d i s c a r d s i n 0.3 x 0.3m 
shear-boxes give r e o r i e n t a t i o n peaks of r e l a t i v e l y s m a l l magnitude 
(compared to c l a y s ) . The d i f f e r e n c e i n 0 1 that would r e s u l t from 
using the trough as opposed to the peak i s only a matter of some 
0.2 of a degree. 
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Compared to c l a y s and sand, the s t r a i n necessary to reach 
r e s i d u a l i s much greater for c o l l i e r y d i s c a r d (Ratsey 1973). The 
d i s c a r d from Gedling reaches r e s i d u a l at a lower s t r a i n than that of 
other d i s c a r d s , r e q u i r i n g l e s s than 2m. Of the eight d i s c a r d s t e s t e d 
by Ratsey (1973)» only B i r c h Coppice s p o i l reached a 'true' r e s i d u a l 
a f t e r a displacement of 2.2m. 
2.2.5 D i s c u s s i o n of the p r o p e r t i e s of Gedling s p o i l 
There i s a n o t i c e a b l e d i f f e r e n c e i n carbon content i n the samples 
(Table 2.1). Whilst t h i s must cause a c e r t a i n amount of the 
v a r i a t i o n i n peak shear strength, i t cannot be the cause of i t a l l . 
From Figure 5 i n T a y l o r , 1974b, the maximum f a l l i n 0' that can be 
expected for a f a l l i n carbon content of 7 per cent (from 16 per cent 
to 9 per cent) i s 2 degrees. Thus, t h i s could e x p l a i n the d i f f e r e n c e 
i n 0* between the 3m deep ^>-h month old m a t e r i a l and the ex-washery 
m a t e r i a l , but not d i f f e r e n c e s between the other samples. I t can 
hov/ever, ex p l a i n the d i f f e r e n c e between the 0 value of the 1968 
t e s t s and the current s e r i e s . The samples from the t i p i n 1968 had 
a carbon content of about 18 per cent, some 8 per cent higher than 
the average of the samples taken from the t i p i n the current work. 
» 
The d i f f e r e n c e i n 0 between the 3-4 month old t i p m a t e r i a l and the 
1968 t i p m a t e r i a l i s some 2 degrees. 
The bulk of the drop i n shear s t r e n g t h of the t i p m a t e r i a l s must 
be due to the weathering (degradation) e f f e c t s at the s u r f a c e . The 
m a t e r i a l from the t i p s u r f a c e i s the weakest, followed by the m a t e r i a l 
at lm depth. The m a t e r i a l 3m deep shows no shear s t r e n g t h reduction 
which cannot be accounted for by the carbon content. I t should be 
noted that 3m i s the maximum depth of m i n e r a l o g i c a l weathering noted 
by Spears, Taylor and T i l l (1970) i n a 50 year old loose t i p at 
Yorkshire Main c o l l i e r y . I t i s perhaps s u r p r i s i n g , then, that the 
m a t e r i a l from 4m depth i s weaker than that from 3m- The most l i k e l y 
explanation i s that i t i s from a previous l i f t , and was s u b j e c t to a 
3 3 . 
short period of weathering before being covered by the next l i f t . 
The cohesion parameter wMch i s present for a l l the samples 
i s probably not r e a l , being a r e s u l t of f i t t i n g a s t r a i g h t l i n e to 
a f a i l u r e envelope which i s i n f a c t curved (see Chapter 3 ) . There 
may, however, be an exception to t h i s i n the case of the super-
f i c i a l l y weathered m a t e r i a l (see Figure 2.11). The U100 sample 
2 
t e s t e d at only 20 kN/m e f f e c t i v e c o n f i n i n g pressure had a deviator 
2 
s t r e s s of 122 kN/m (Fig u r e 2.5). Because t h i s U100 was a sample of 
old, s u p e r f i c i a l m a t e r i a l of s i m i l a r age to the bulk sample from the 
t i p , i t i s reasonable to include i t with the bulk sample r e s u l t s . 
When t h i s i s done, i t r e i n f o r c e s the impression that m a t e r i a l that 
has spent a considerable time upon the s u r f a c e of t h i s t i p does 
possesscohesion. The cause i s probably to be found i n the f i n e 
grading of the m a t e r i a l , with over 30 per cent s i l t s i z e and under, 
of which a considerable proportion must be of cl a y s i z e . On 
d e s s i c a t i o n , which must happen f a i r l y frequently to the exposed c r u s t 
of the t i p , t h i s c l a y f r a c t i o n w i l l become overconsolidated and develop 
cohesive f o r c e s . The amount of c l a y i s s u f f i c i e n t l y l a r g e to give a 
no t i c e a b l e cohesion to the bulk of the s p o i l . 
2.3 K e l l i n g l e y d i s c a r d (Rank 502 and 702) 
2.3.1 Sampling 
During s i t e i n v e s t i g a t i o n work at Gale Common P u l v e r i s e d 
F u e l Ash (P.F.A.) d i s p o s a l s i t e , i t was p o s s i b l e to obtain a number 
of samples of the d i s c a r d from K e l l i n g l e y c o l l i e r y ( F i g u r e 1.1) which 
forms some of the embankments at the s i t e . F i v e samples were c o l l e c t e d 
at l o c a t i o n s shown on Figure 5«19- They comprise: 
a) F r e s h m a t e r i a l from the s t o c k p i l e of only a few days age, 
b) M a t e r i a l , probably of some 2 months i n age, from a minor 
haul road on the main southern embankment to Lagoon B, 
c) M a t e r i a l of some 6 years i n age from near the surface of the 
shale drainage blanket, 
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d) M a t e r i a l of some 8 years i n age from 2.2m below the 
c r e s t of the low, eastern embankment to emergency 
Lagoon D, and from above the water table i n t h i s 
embankment, 
e) M a t e r i a l from the same embankment as d), but some 2.5m 
below the c r e s t and below the water t a b l e . 
These samples provide a c o n t r a s t between the behaviour of 
c o l l i e r y s p o i l compacted to c i v i l engineering standards ( i . e . the 
ma t e r i a l from the main part of the s i t e , samples b) and c) and that 
of loose tipped c o l l i e r y s p o i l as found i n the embankment to the 
emergency Lagoon D (samples d) and e ) . 
2.3.2 Chemistry and mineralogy 
The most s u r p r i s i n g point emerging from the chemistry (Table 2.1) 
i s the high organic carbon content of 26.8 per cent, some 13 per cent 
above average. Comparing the element oxide to alumina r a t i o s (Table 2.2) 
with those of Ratsey (1973) i n Table 2.3, i t i s apparent that SiC^/A^O^ 
i s lower than average as are the a l k a l i oxide to alumina r a t i o s . 
M i n e r a l o g i c a l l y (Table 2.4) i t can be seen that c l a y minerals are 
w e l l represented, while quartz i s low i n a l l but the 8 year o ld sample 
from below the water t a b l e . Quartz might be high i n t h i s sample due 
to the segregation which occurs during loose t i p p i n g . When m a t e r i a l 
i s tipped over a face which i s standing at the m a t e r i a l ' s angle of 
repose, l a r g e p a r t i c l e s tend to r o l l f a r t h e r down slope than do small 
ones, g i v i n g r i s e to segregation. T h i s provides an explanation for 
d i f f e r e n c e s i n primary minerals of the two 8 year o ld samples from 
Lggoon D embankment, which, being formed i n one l i f t might otherwise 
be expected to be homogenous. The l a r g e r p a r t i c l e s tend to be formed 
of the stronger rock types, which contain more quartz ( i . e . sandstones). 
There i s however one other n o t i c e a b l e d i f f e r e n c e i n these two samples 
in that the secondary mineral j a r o s i t e i s of n o t i c e a b l e proportions 
(3*5%) i n t h e sample from above t h e water t a b l e . T h i s i n d i c a t e s 
severe m i n e r a l o g i c a l w e a t h e r i n g o f t h e m a t e r i a l above t h e water 
t a b l e but not o f t h a t below t h i s l e v e l . I t s h o u l d be noted t h a t t h e 
m a t e r i a l from t h e shale b l a n k e t which was n o t m i n e r a l o g i c a l l y a n a l y s e d 
d i d show c o n s i d e r a b l e l i m o n i t e s t a i n i n g . I t was n o t , however v i s i b l y 
a l t e r e d i n any o t h e r way t o any g r e a t e x t e n t . 
2 . 3 . 3 Grading 
The m a t e r i a l comprises m a i n l y sand and g r a v e l s i z e s , r a n g i n g 
up t o 80mm s i z e p a r t i c l e s , as shown i n F i g u r e 2 . l 8 . The shale from 
the main s o u t h e r n embankment i s i n f a c t s l i g h t l y c o a r s e r than t h a t 
from the s t o c k p i l e , i n d i c a t i n g some v a r i a b i l i t y i n t h e g r a d i n g o f 
the o u t p u t o f K e l l i n g l e y c o l l i e r y . T h i s b e i n g so, t h e 8 year o l d 
m a t e r i a l from the Lagoon D embankment cannot be r i g o r o u s l y compared 
t o t h e newer m a t e r i a l . I t i s n o t i c e a b l e , however, t h a t t h i s o l d 
m a t e r i a l , from an uncompacted embankment, i s f i n e r g r a i n e d than t h e 
newer m a t e r i a l . 
Of t h e two h o r i z o n s sampled i n t h e o l d embankment, t h a t from 
above the water t a b l e i s f i n e r g r a i n e d t h a n t h a t from below t h i s 
l e v e l . I t i s i m p o s s i b l e t o a s c e r t a i n how much o f t h i s i s due t o t h e 
s e g r a g a t i o n t h a t occurs on l o o s e t i p p i n g (see S e c t i o n 2 . 3 - 2 ) , and 
how much i s due t o the severe w e a t h e r i n g e x p e r i e n c e d by t h e m a t e r i a l 
above the water t a b l e . 
Compared t o the ex-washery d i s c a r d s g i v e n i n Ratsey ( 1 9 7 3 ) , 
t h i s m a t e r i a l from K e l l i n g l e y i s f i n e g r a i n e d , though n ot as f i n e 
g r a i n e d as G e d l i n g ( q . v . ) . I t i s s i m i l a r t o m a t e r i a l from the t i p 
a t Orgreave c o l l i e r y (Ratsey, 1973) and Askern (McKechnie Thomson 
and Rodin, 1 9 7 2 ) . As noted by t h e l a t t e r a u t h o r s , t h e r e i s 
c o n s i d e r a b l e breakdown d u r i n g emplacement o f s p o i l on a t i p . 
2 . 3 . ^ Shear s t r e n g t h 
2 . 3 . ^ . 1 Peak shear s t r e n g t h 
Some i n t e r e s t i n g p o i n t s a r e apparent from t h e d e v i a t o r 
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s t r e s s - s t r a i n diagrams, which are shown i n F i g u r e s 2.19 t o 2.23. 
The f r e s h m a t e r i a l from t h e s t o c k p i l e ( F i g u r e 2.19) f a i l s a t low 
s t r a i n s ( l e s s t h a n 10 per c e n t ) i n a b r i t t l e - l i k e f a i l u r e mode. 
Post f a i l u r e r e d u c t i o n i n shear s t r e n g t h i s , however, s m a l l i n 
common w i t h o t h e r coarse c o l l i e r y d i s c a r d s . The o l d m a t e r i a l s ( e . g . 
t h a t from below the water t a b l e o f the Lagoon D e a s t e r n embankment, 
F i g u r e 2.23) behave i n a s l i g h t l y more p l a s t i c f a i l u r e mode, s t r a i n s 
b e i n g between 10 and 20 per c e n t . 
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At low e f f e c t i v e c o n f i n i n g p r e s s u r e s (70 kN/m ) t h e f r e s h s t o c k -
p i l e m a t e r i a l i s d i l a t i n g a t f a i l u r e (a v o l u m e t r i c s t r a i n o f +0.01 
per c e n t ) . The o n l y o t h e r sample t o d i l a t e a t f a i l u r e i s t h a t t e s t e d 
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at 30 kN/m from t h e main s o u t h e r n embankment t o Lagoon B. T h i s 
d i l a t a n t b e h a v i o u r i s p r o b a b l y due t o p a r t i c l e s r i d i n g over one 
a n o t h e r a t f a i l u r e r a t h e r t h a n r u p t u r i n g 
The shear s t r e n g t h parameters are g i v e n i n Table 2.6. The 
i 
m a t e r i a l from t h e s t o c k p i l e , w i t h a 0 value o f 35-9 degrees i s 
f a i r l y s t r o n g . T h i s i s p a r t l y due t o i t s h i g h carbon c o n t e n t o f 
27 per c e n t . Computing from F i g u r e 5 i n T a y l o r 197^b, i t might 
i 
possess a 0 value o f 32 degrees i f i t s carbon c o n t e n t was a t t h e 
average 13 per c e n t . Thus the K e l l i n g l e y m a t e r i a l i s s t r o n g e r t h a n 
t h a t from G e d l i n g . V i s u a l e x a m i n a t i o n r e v e a l s t h a t i t does not c o n t a i n 
the l a r g e q u a n t i t i e s o f s e a t e a r t h t h a t G e d l i n g d i s c a r d c o n t a i n s . 
As can be seen from Table 2.6, t h e o n l y sample w i t h a d i s t i n c t 
drop i n shear s t r e n g t h i s t h e m a t e r i a l from above the water t a b l e i n 
the Lagoon D embankment. The m a t e r i a l from below t h i s v/ater t a b l e 
t 
shows l i t t l e change i n 0 when compared w i t h younger m a t e r i a l . The 
6 year o l d m a t e r i a l from t h e s h a l e b l a n k e t , u n l i k e t h e 6-12 month 
o l d s u p e r f i c i a l m a t e r i a l from G e d l i n g t i p , shows l i t t l e f a l l i n shear 
s t r e n g t h . 
2.3.^.2 R e s i d u a l shear s t r e n g t h 
The r e s i d u a l shear s t r e n g t h has been determined f o r t h r e e 
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TABLE 2 . 6 
SHEAR STRENGTH PARAMETERS OF KELLINGLEif DISCARD 
Peak R e s i d u a l 
F i g u r e Sample c1 kN/m2 P P c'r kN/m
2 
>'r 
S t o c k p i l e 2 9 . 2 31 . 8 3 5 . 9 0 . 0 1 6 . 0 5% 2.2k 
S.Embankment, 
Lagoon B 25 .9 3 1 . 1 3^ .8 n.d. n.d. n.d. 2 .25 
6 year o l d 
s h a l e b l a n k e t 10 .6 31 . 7 3 3 . 2 n.d. n.d. n.d. 2 .26 
8 year o l d , 
E Embankment 
Lagoon D above 
water t a b l e 
13 .7 2 5 . 8 23 . 6 0 . 0 3A.3 25% 2 .27 
8 year o l d , 
E. Embankment 
Lagoon D 
below water t a b l e 
35 .2 2 7 . 9 0 . 0 1 6 . 0 13% 2 .28 
n.d. - not determined. 
o f t h e samples, v i z : t h e s t o c k p i l e m a t e r i a l and t h e two samples 
from the embankment t o Lagoon D. The s t r e s s r a t i o - d i s p l a c e m e n t 
curves are shown i n F i g u r e s 2 . 29 t o 2 . 3 1 . As can be seen, a l l 
t h r e e samples reach r e s i d u a l a f t e r some 2m d i s p l a c e m e n t . The 
m a t e r i a l from above t h e water t a b l e has a lo w e r r e s i d u a l ( 1 ^ . 3 ° ) 
than the o t h e r two samples which have a r e s i d u a l v a l u e 0* o f 1 6 ° 
r 
Table 2 . 6 ) . I t a l s o has a h i g h e r v a l u e o f I b (25%) than the o t h e r 
two samples, i n d i c a t i n g g r e a t e r b r i t t l e n e s s a t lower p r e s s u r e s . 
The s t o c k p i l e m a t e r i a l i s remarkably r e s i s t a n t t o d e g r a d a t i o n on 
s h e a r i n g a t low p r e s s u r e s , i t s 1^ v a l u e b e i n g o n l y 5 per cent 
(Table 2 . 6 ) . 
2 . 3 « 5 I n s i t u d r y d e n s i t i e s o f samples 
A number o f i n s i t u d e n s i t y d e t e r m i n a t i o n s were performed on 
K e l l i n g l e y s p o i l a t the Gale Common s i t e . For the m a t e r i a l s i n t h e 
main s o u t h e r n embankment and i n the Lagoon D embankment above t h e 
water t a b l e , the sand replacement method was employed. For the 
m a t e r i a l below the v/ater t a b l e , t h i s method o b v i o u s l y c o u l d not be 
used. I n s t e a d a U100 was j a c k e d i n t o the m a t e r i a l u s i n g a JCB 
mechanical e x c a v a t o r , which was a l s o used t o e x t r a c t t h e U100. The 
d e n s i t y o f the m a t e r i a l c o u l d then be measured. While t h i s method 
o b v i o u s l y leads t o some over-compaction, i t i s b e l i e v e d t o g i v e a 
f i g u r e which can be compared w i t h i n l i m i t s t o t h e o t h e r f i g u r e s . 
The d r y d e n s i t i e s are g i v e n i n Table 2 . 7 . I t can be seen t h a t 
o n l y the m a t e r i a l from above the water t a b l e i n the Lagoon D embank-
ment i s i n a d e q u a t e l y compacted, a t 82 per cent o f B.o. maximum d e n s i t y 
whereas t h e o t h e r samples are a l l over 95 per cent o f the maximum 
v a l u e , i . e . an a c c e p t a b l e l e v e l from a c i v i l e n g i n e e r i n g s t a n d p o i n t . 
The above water t a b l e , Lagoon D embankment m a t e r i a l i s , i n f a c t l e s s 
w e l l compacted t h a n the o l d l o o s e l y p l a c e d c o l l i e r y s p o i l heaps f o r 
which average va l u e s o f 90 per cent 3.S. maximum dry d e n s i t y are 
n o r m a l l y r e c o r d e d ( T a y l o r , 1 9 7^a). T h i s i s p r o b a b l y due t o t h e low 
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h e i g h t o f the emergency embankment which p r e c l u d e s any l a r g e amount 
o f s e l f compaction. 
2 . 3 . 6 D i s c u s s i o n o f t h e p r o p e r t i e s o f K e l l i n g l e y s p o i l 
I t i s apparent from Table 2 . 6 t h a t K e l l i n g l e y s p o i l does not 
weaken a p p r e c i a b l y w i t h t i m e , p r o v i d e d t h a t the m a t e r i a l i s w e l l 
compacted. I n t h i s i t d i f f e r s from G e d l i n g s p o i l . T h i s i s p r o b a b l y 
because K e l l i n g l e y s p o i l does not c o n t a i n l a r g e q u a n t i t i e s o f s e a t e a r t h . 
K e l l i n g l e y s p o i l i s a l s o r e s i s t a n t to d e g r a d a t i o n d u r i n g emplacement, 
the s o u t h e r n embankment m a t e r i a l b e i n g l i t t l e weaker than the s t o c k -
p i l e m a t e r i a l . T h i s s i t u a t i o n i s r e f l e c t e d i n the r e s i s t a n c e o f t h e 
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m a t e r i a l from t h e s t o c k p i l e t o breakdown a t 79.2kN/m normal s t r e s s 
d u r i n g t h e l a r g e displacement shear-box experiment. 
The m a t e r i a l from the embankment t o Lagoon D does show some 
i n t e r e s t i n g w e a t h e r i n g e f f e c t s . The sample from above t h e water 
t a b l e ( i . e . 2.2m below t h e c r e s t o f the embankment) i s much weaker 
th a n t h a t from below the water t a b l e ( i . e . 2.5m below the c r e s t o f 
the embankment). F u r t h e r m o r e , the l a t t e r i s o f much the same s t r e n g t h 
( i n terms o f 0' e) as t h e younger m a t e r i a l from t h e main p a r t o f t h e 
s i t e . The m a t e r i a l from below the v/ater t a b l e has two main d i f f e r e n c e s 
i n environment t o t h a t from above, namely ( i ) i t has been permanently 
s a t u r a t e d ( i i ) i t has a h i g h e r d e n s i t y . Since t h i s embankment was 
emplaced i n one l i f t by end t i p p i n g and w i t h o u t compaction t h i s 
i n c r e a s e i n d e n s i t y below t h e water t a b l e i s p r o b a b l y due t o seepage 
f o r c e s g e nerated by water f l o w i n g out o f t h e permanently wet lagoon 
behind t h e embankment. Thus t h i s m a t e r i a l would have o n l y g r a d u a l l y 
a t t a i n e d good compaction. Hence t h e c o n t i n u o u s s a t u r a t i o n must have 
c o n t r i b u t e d t o t h e p r o t e c t i o n from c h e m i c al and p h y s i c a l w e a t h e r i n g . 
The m a t e r i a l from above t h e water t a b l e has undergone c o n s i d e r a b l e 
chemical d e g r a d a t i o n and has been p h y s i c a l l y weakened by i t . The 
m a t e r i a l from t h e shale b l a n k e t , which a l s o e x h i b i t e d some chemical 
w e a t h e r i n g ( S e c t i o n 2 . 3.2) has, however, not been p h y s i c a l l y weakened 
t o any g r e a t e x t e n t . Thus compaction can p r e v e n t severe weakening 
o f K e l l i n g l e y d i s c a r d . 
TABLE 2 . 7 
IN SITU DRY DENSITIES OF KELLINGLEK SPOIL AT GALE COMMON 
L o c a t i o n 
Average d r y 
d e n s i t y 
(Mg/m 3) 
No. o f d e t e r m i n a t i o n s 
M o i s t u r e 
c o n t e n t 
Main Southern 
Embankment 1 . 72 5 9 .24 
Lagoon D 
Embankment above 
water t a b l e 
1.^1 1 9 .6 
Lagoon D 
Embankment below 
water t a b l e 
1 . 98 * 1 10 . 9 
D e n s i t y d e t e r m i n e d by sand displacement except where o t h e r w i s e 
shown. 
* Determined by j a c k i n g U100 i n t o m a t e r i a l w i t h a JCB. 
B.S. compaction ( 2 . 5 kg rammer) gave a maximum dry d e n s i t y 
o f 1 . 73 Mg/m3 a t 7.0 per cent m o i s t u r e c o n t e n t . 
The chemical w e a t h e r i n g would appear a l s o t o have produced a 
r e d u c t i o n i n t h e value o f t h e r e s i d u a l s h e a r i n g angle ( 0 ' ^ ) . 
Perhaps o f g r e a t e r importance i s t h e enhanced d e g r a d a t i o n t h a t o ccurs 
when i t i s sheared a t low normal s t r e s s e s . T h i s c o u l d g i v e r i s e t o 
severe d e g r a d a t i o n and weakening s h o u l d such m a t e r i a l ever be r e -
worked. 
I t i s o f i n t e r e s t t o note t h e s i m i l a r behaviour of t h e sh a l e 
f i l l used i n t h e Balderhead Dam. The pa r e n t rocks o f t h i s s h a le 
f i l l were o f C a r b o n i f e r o u s (Namurian) age and hence o l d e r than t h e 
pa r e n t r o c k s o f c o l l i e r y s p o i l s . They were, however, s i m i l a r , except 
t h a t t h e r e were no d i s c r e t e c o a l seams. I t was found t h a t o n l y 
c h e m i c a l l y weathered m a t e r i a l from a l o o s e t i p o f some 50 years age 
showed a marked r e d u c t i o n i n s t r e n g t h . S u r f i c i a l m a t e r i a l from t h e 
nearby Burnhope Dam, some 30 years o l d , which was, o f course, compacted, 
was o f s i m i l a r s t r e n g t h t o t h e f r e s h Balderhead Dam m a t e r i a l a f t e r 
compaction (Kennard, et a l 1967). 
2.4. Oakdale D i s c a r d (Rank 301) 
2.4.1 Sampling 
Tv/o b u l k samples o f d i s c a r d from Oakdale c o l l i e r y ( F i g u r e 1.1) 
i n South Wales were p r o v i d e d by t h e S c i e n t i f i c Department o f the 
N a t i o n a l Coal Board. These comprised a sample o f f r e s h washery 
d i s c a r d and a sample from t h e s u r f a c e o f t h e t i p which had been 
exposed f o r some 6-12 months. 
2.4.2 Chemistry and M i n e r a l o g y 
From t h e c h e m i s t r y , shown i n Table 2.1, i t can be seen t h a t 
the two samples are not s t r i c t l y c o m p a t i b l e . The f r e s h washery 
m a t e r i a l has h i g h e r o r g a n i c carbon and Al^O^ c o n t e n t s and a lower 
SiO^ c o n t e n t than t h e t i p sample. The element o x i d e t o alumina r a t i o s 
( T a b l e 2.2) show up d i f f e r e n c e s between the samples and w i t h the 
average v a l u e s f o r c o l l i e r y d i s c a r d s . Between t h e two samples, t h e 
main d i f f e r e n c e s are i n the S i 0 _ / A l p 0 , (washery m a t e r i a l l o w e s t ) , 
CaO/Al 0^ ( t i p m a t e r i a l l o w e s t ) and I^O/A^O^ ( t i p m a t e r i a l l o w e s t ) . 
Compared t o t h e average r a t i o s (Table 2.3), a l l the r a t i o s , except 
the S i 0 2 / A l 2 0 ^ r a t i o f o r t h e t i p and t h e GaO/A^O^ r a t i o f o r t h e 
washery are lower than average. The low a l k a l i o x i d e alumina r a t i o s 
i n d i c a t e a g r e a t e r p r o p o r t i o n o f k a o l i n i t e t o i l l i t e t h an normal. 
From t h e m i n e r a l o g i c a l r e s u l t s , g i v e n i n Table 2 . ^ , and by 
comparison w i t h t h e average v a l u e s shown i n Table 1 . 1 , i t can be 
seen t h a t w h i l e i l l i t e p l u s m i x e d - l a y e r c l a y s are of average 
c o n c e n t r a t i o n , k a o l i n i t e i s much h i g h e r t h a n normal (23 per cent as 
opposed t o 1 0 . 5 per c e n t ) . T h i s i n c r e a s e i n k a o l i n i t e i s a t t h e 
expense o f q u a r t z , which, a t 7 per cent i s ve r y low ( 1 7 . 5 per cent 
a v e r a g e ) . T h i s s i t u a t i o n i s somewhat s u r p r i s i n g , as South Wales 
d i s c a r d s i n g e n e r a l are h i g h e r i n q u a r t z t h a n E n g l i s h ones ( T a y l o r 
1 9 7 5 ) . 
The m i n e r a l o g i c a l r e s u l t s quoted i n Table 2.k were o b t a i n e d 
from a m i x t u r e o f t h e two samples. Separate qualitative m i n e r a l o g i c a l 
analyses o f t h e two samples i n d i c a t e d t h a t t h e t i p m a t e r i a l was r i c h e r 
i n q u a r t z t h a n the washery d i s c a r d , t h i s v a r i a t i o n b eing a t the expense 
of i l l i t e i n t h e t i p . The h i g h e r q u a r t z i n t h e t i p i s an i n d i c a t i o n 
t h a t t h e t i p sample c o n t a i n e d some run - o f - m i n e d e b r i s * , such as sand-
s t o n e s , not p r e s e n t i n t h e washery d i s c a r d . The lower i l l i t e c o n t e n t 
of t h e t i p w i l l be t h e cause o f the lower K^O/Al^O^ r a t i o s o f t h e t i p 
m a t e r i a l ( w i t h r e s p e c t t o t h e washery m a t e r i a l s ) . 
The qualitative . a n a l y s i s d i s c l o s e d a t r a c e o f c h l o r i t e 
i n t h e samples, which was not re c o r d e d i n t h e quantitative a n a l y s i s . I t 
i s n o t i c e a b l e t h a t none o f t h e m i n e r a l s produced by w e a t h e r i n g ( i . e . 
gypsum and j a r o s i t e ) shov/ed up i n t h e t i p m a t e r i a l . 
* Run-of-mine d i r t i s t h a t produced d u r i n g development work a t a 
c o l l i e r y , as opposed t o t h a t produced d u r i n g normal w o r k i n g o f 
a c o a l seam. I t g e n e r a l l y by-passes the washery and i s ernplaced 
d i r e c t l y onto t h e t i p . 
4 4 . 
2 . 4 . 3 Grading 
The i n c o m p a t i b i l i t y o f t h e two samples i s a l s o shown by the 
g r a d i n g curves ( F i g u r e 2 . 3 2 ) . 
The t i p m a t e r i a l , r a n g i n g up t o 60mrn s i z e , i s much co a r s e r than 
the washery m a t e r i a l , which o n l y reaches a maximum s i z e o f 20mm. 
The presence o f run-of-mine d i r t i n t h e t i p would account f o r t h e 
t i p m a t e r i a l b e i n g c o a r s e r . However, i t i s obvious t h a t t h e r e has 
been no s i g n i f i c a n t p h y s i c a l d i s i n t e g r a t i o n o c c u r r i n g on t h e t i p , 
or d u r i n g the emplacement o f t h e m a t e r i a l on the t i p . 
T h i s m a t e r i a l from Oakdale i s a sandy g r a v e l , and i s o f s i m i l a r 
g r a d i n g t o o t h e r washery d i s c a r d s ( F i g u r e 2 . 3 2 ) . 
2 . 4 . 4 Shear s t r e n g t h 
2 . 4 . 4 . 1 Peak shear s t r e n g t h 
T r i a x i a l shear t e s t s c o u l d o n l y be c a r r i e d out a t e f f e c t i v e 
c o n f i n i n g p r e s s u r e s o f up t o 500 kN/n^. T h i s was due t o t h e rubbe r 
membrane c o n t a i n i n g the sample r e p e a t e d l y p u n c t u r i n g a t h i g h e r p r e s s u r e s . 
These p u n c t u r e s were caused by the membrane being r i p p e d by sh a l e 
fragments d u r i n g the s h e a r i n g s t a g e . T h i s problem d i d n o t a r i s e w i t h 
e i t h e r G e d l i n g or K e l l i n g l e y s p o i l s , as t h e shale fragments i n these 
m a t e r i a l s were more rounded. The problem was a l l e v i a t e d t o a c e r t a i n 
e x t e n t by employing a double membrane, a t t h e expense o f i n c r e a s i n g 
2 
the e r r o r s due t o membrane s t r e n g t h ; 500 kN/m proved t o be t h e 
maximum e f f e c t i v e c o n f i n i n g p r e s s u r e a t which a t e s t c o u l d be r u n . 
The f a i l u r e s t r a i n s a g a i n i n c r e a s e as e f f e c t i v e c o n f i n i n g 
p r e s s u r e i n c r e a s e s . F a i l u r e s t r a i n s are l e s s than 10 per cent when 
2 
the e f f e c t i v e c o n f i n i n g p r e s s u r e i s 70 kN/m « i n c r e a s i n g t o 18 per 
2 
cent f o r p r e s s u r e s o f 500 kN/m i . e . f a i l u r e i s more p l a s t i c i n mode 
as p r e s s u r e i n c r e a s e s . V o l u m e t r i c s t r a i n s up t o 4 per cent a t f a i l u r e 
are o f a s i m i l a r o r d e r t o those commonly found w i t h c o l l i e r y d i s c a r d s . 
TABLE 2 .8 
SHEAR STRENGTH PARAMETERJ OF OAKDALE DISCARD 
Sample 
Peak R e s i d u a l * 
F i g u r e 
c' kN/m^ 
P *\ i c' kN/m^ r I b 
Ex-washery 22.7 3 0 . 1 3 3 . 3 j 0 . 0 2 ^ . 2 13% 2 . 3 5 
6-12 months 
on t i p s u r f a c e 25 .8 30 .9 3^.8 
... i 
0 .0 
_ _ _ _ _ _ 
2 7 . 6 12% 2 .36 
* Apparent v a l u e s o n l y . True r e s i d u a l shear s t r e n g t h not 
a t t a i n e d . 
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I t w i l l be n o t i c e d t h a t one sample from t h e t i p t h a t v/as t e s t e d 
a t 70 kN/m , was d i l a t i n g a t f a i l u r e . 
The shear s t r e n g t h parameters o f t h e samples are g i v e n i n 
Table 2 . 8 . The t i p m a t e r i a l , w i t h a 0 ' o f 3 4 . 8 degrees, i s , i n 
f a c t , s t r o n g e r than the washery d i s c a r d v/hich has a 0 1 o f o n l y 
e 
3 3 . 3 degrees. These va l u e s l i e i n t h e middle o f the range o f 
shear s t r e n g t h s a p p l i c a b l e t o c o l l i e r y d i s c a r d s . 
2 . 4 . 4 . 2 . R e s i d u a l Shear S t r e n g t h 
The l a r g e s t r a i n shear-box t e s t s f a i l e d t o reach t h e t r u e 
r e s i d u a l shear s t r e n g t h . A f t e r some 2.2m displacement t h e t e s t s 
had t o be t e r m i n a t e d due t o excessive sample l o s s t h r o u g h t h e s p l i t 
i n t h e box. An u n l o a d i n g c y c l e was performed, and the shear s t r e n g t h 
parameters d e r i v e d from these a r e r e p o r t e d i n Table 2 . 8 . I t can be 
seen t h a t , a l t h o u g h a s t r e n g t h r e d u c t i o n o f around 20 per cent has 
o c c u r r e d , shear s t r e n g t h s s t i l l f a l l c l o s e t o the lower s t r e n g t h 
boundary f o r the peak s t r e n g t h s o f c o l l i e r y s p o i l s . 
The behaviour o f b o t h samples under l a r g e shear displacements 
i s s i m i l a r ( F i g u r e s 2 .37 and 2 . 3 8 ) . The val u e s o f I . (Table 2 . 8 ) 
b 
are b o t h low, a t 12 t o 13 per c e n t , i . e . s t r e n g t h r e d u c t i o n i s not 
marked a t low normal s t r e s s e s . The drop i n s t r e s s r a t i o (and hence 
shear s t r e n g t h ) i s a c c e l e r a t e d a t t h e h i g h e r normal s t r e s s l e v e l s . 
2 . 4 . 5 . D i s c u s s i o n o f t h e p r o p e r t i e s o f Oakdale S p o i l 
The peak shear s t r e n g t h s o f these samples from Oakdale p r o v i d e 
an e x c e p t i o n t o the g e n e r a l r u l e s o f T a y l o r (1974b) t h a t o r g a n i c 
carbon c o n t e n t i s d i r e c t l y r e l a t e d t o shear s t r e n g t h and t h a t q u a r t z 
has no s i g n i f i c a n t i n f l u e n c e upon shear s t r e n g t h . W i t h these samples 
from Oakdale, the more carbonaceous washery m a t e r i a l s are weaker t h a n 
the more q u a r t z - r i c h t i p m a t e r i a l s . T h i s s t a t e o f a f f a i r s i s p r o b a b l y 
brought about by t h e t i p c o n t a i n i n g run-of-mine d e b r i s i n which t h e 
q u a r t z i s c o n t a i n e d as hard sandstones, whereas i n normal c o l l i e r y 
d i s c a r d , t h e q u a r t z w i l l occur as s m a l l sand g r a i n s i n the s h a l e 
V7. 
fragments and thus v / i l l be screened from p e r f o r m i n g an i m p o r t a n t 
r o l e i n the peak shear s t r e n g t h p r o p e r t i e s . I t i s r e l e v a n t t h a t 
Spears and T a y l o r (1971) note t h a t the shear s t r e n g t h o f the p a r e n t 
s t r a t a ( i . e . the c o a l measures r o c k s ) are i n f l u e n c e d by the q u a r t z 
c o n t e n t . The pa r e n t s t r a t a , w i l l , o f course c o n t a i n a much l a r g e r 
p r o p o r t i o n o f sandstones t h a n do c o l l i e r y d i s c a r d s , c o l l i e r i e s 
b e i n g p r i m a r i l y concerned w i t h the e x t r a c t i o n o f c o a l and not 
sandstone. 
With r e g a r d t o s u p e r f i c i a l w e a t h e r i n g , i t i s apparent t h a t 
Oakdale s p o i l i s r e s i s t a n t , b oth c h e m i c a l l y and p h y s i c a l l y . No 
m i n e r a l o g i c a l p r o d u c t s o f w e a t h e r i n g were p r e s e n t i n d e t e c t a b l e 
amounts. 
I t would appear t h a t i t i s o n l y m a t e r i a l s w i t h a h i g h s e a t e a r t h 
c o n t e n t such as G e d l i n g , which are l i a b l e t o severe s h o r t - t e r m 
d e g r a d a t i o n . 
2 . 5 . Burnt c o l l i e r y s p o i l s 
2 . 5 . 1 Sampling 
The b u l k sample of I r e l a n d b u r n t s p o i l was p r o v i d e d by t h e 
S c i e n t i f i c Department o f t h e N a t i o n a l Coal Board. I t i s under-
stoo d t h a t i t came from near the s u r f a c e i n a p a r t o f the t i p which 
had r e c e n t l y been lowered by r e g r a d i n g . The b u l k sample o f Horden 
b u r n t d i s c a r d was t a k e n f r o m m a t e r i a l t h a t had been t r e a t e d f o r 
s a l e . I t had thus been processed by a jaw - c r u s h e r and passed 
t h r o u g h a 76.2mrn r i n g . 
2 . 5 . 2 Grading 
The p a r t i c l e s i z e curves are shown i n F i g u r e s 2 .39 and 2 . ^ 0 . 
The I r e l a n d r e d sh a l e ( F i g u r e 2 . 3 9 ) , i s v i r t u a l l y a l l g r a v e l s i z e . 
Horden ( F i g u r e 2 . ^ 0 ) i s s l i g h t l y f i n e r g r a i n e d , w i t h 20 per cent 
s m a l l e r t h a n 2mm s i z e . B oth have an upper l i m i t o f 76 mm i n s i z e . 
The p a r t i c l e g r a d i n g s are th u s v e r y s i m i l a r t o many unburnt ex-
washery d i s c a r d s . Horden i s f i n e r g r a i n e d than I r e l a n d p r o b a b l y 
^ 8 . 
because o f t h e t r e a t m e n t i t r e c e i v e d i n a j a w - c r u s h e r . 
2 . 5 . 3 . Chemistry and M i n e r a l o g y 
From the c h e m i s t r y , shown i n Table 2 . 1 , t h e most n o t i c e a b l e 
d i f f e r e n c e t o unburnt s p o i l s i s t h e l a c k o f o r g a n i c carbon which 
has been t o t a l l y o x i d i s e d by i g n i t i o n processes. The two b u r n t 
s p o i l s are themselves d i f f e r e n t from each o t h e r . Since they come 
from d i f f e r e n t c o a l f i e l d s ( I r e l a n d from t h e East Pennine C o a l f i e l d , 
and Horden from t h e Durham C o a l f i e l d ) t h i s c o u l d w e l l be due t o 
o r i g i n a l d i f f e r e n c e s i n c o m p o s i t i o n . 
M i n e r a l o g i c a l l y , b o t h m a t e r i a l s show t h e e f f e c t o f tho r o u g h 
combustion. A l l the c l a y m i n e r a l s have been d e s t r o y e d , l e a v i n g a 
m a i n l y amorphous mass behi n d . Quartz i s however p r e s e n t , t h i s 
m i n e r a l b e i n g s t a b l e a t h i g h t e m p e r a t u r e s . There were a l s o s m a l l 
t r a c e s o f m u l l i t e , a s i l i c a t e formed a t h i g h temperatures under 
atmospheric p r e s s u r e . The presence o f m u l l i t e i n d i c a t e s l o c a l i s e d 
t e mperatures i n t h e range 950°C t o 1,300°C, t h i s b e i n g t h e range 
over which i t forms ( R i c h a r d s o n , 1 9 5 1 ) . K a o l i n i t e decomposes a t 
550°C and i l l i t e a t 700°C, thus background t e m p e r a t u r e s above these 
v a l u e s must have been s u s t a i n e d i n t h e t i p s . T h i s i s by no means 
u n l i k e l y , as temperatures o f w e l l over 1,000°C have been measured 
i n b u r n i n g s p o i l heaps and v i t r e o u s g l a s s (analogous t o v o l c a n i c 
g l a s s ) has been excavated as a p l u g i n t h e body o f a s p o i l heap 
(see F i g u r e 2 . 1 , N a t i o n a l Coal Board, 1 9 7 0 ) . 
2 , 5 . ^ . Shear S t r e n g t h 
2 . 5 « ^ « 1 Peak shear s t r e n g t h 
The problem o f p u n c t u r e d sheaths was c o n s i d e r a b l y more 
common th a n when encountered i n t h e Oakdale t r i a x i a l t e s t s . W e l l 
b u r n t s p o i l i s e x c e e d i n g l y hard and a n g u l a r . The m a t e r i a l was 
sharp enough t o pu n c t u r e t h e sheath upon a p p l i c a t i o n o f an e f f e c t i v e 
2 
c o n f i n i n g p r e s s u r e i n excess o f 280 kN/m . I r e l a n d s p o i l proved 
TABLE 2 . 9 
SHEAR STRENGTH PARAMETERS OF BURNT DISCARDS 
Sample 
Peak R e s i d u a l * 
F i g u r e 
c 1 kN/m2 P c*- kN/m
2 
r 
I r e l a n d 5 3 . 3 4 3 . 0 ° 4 7 . 3 ° 0 . 0 3 8 . 3 ° 2 .43 
Horden 2 1 . 1 4 2 . 1 ° '+4 .2° n.d. n.d. 2 . 4 4 
Apparent v a l u e s o n l y . True r e s i d u a l shear s t r e n g t h 
n o t a t t a i n e d . 
i m p o s s i b l e t o t e s t a t pres s u r e s over 210 kN/m . 
I r e l a n d s p o i l e x h i b i t e d a b r i t t l e mode o f f a i l u r e ( F i g u r e 2.'+l) 
w i t h s t r a i n s o f k t o 7 per cent a t f a i l u r e . At e f f e c t i v e c o n f i n i n g 
2 
p r e s s u r e s o f 1^0 kN/m and below, the m a t e r i a l was a l s o d i l a t i n g 
a t f a i l u r e . T h i s behaviour i s s i m i l a r t o t h a t of t h e b u r n t p a r t s 
o f Brancepeth s p o i l heap ( T a y l o r , 1 9 7 3 a ) . 
I n c o n t r a s t , Horden s p o i l behaved i n a manner more t y p i c a l o f 
unburnt s p o i l s , w i t h f a i l u r e s t r a i n s i n c r e a s i n g from 11 t o 20 per 
cent as e f f e c t i v e c o n f i n i n g p r e s s u r e i n c r e a s e s . At a c o n f i n i n g 
2 
p r e s s u r e o f 280 kN/m , a p l a s t i c mode o f f a i l u r e was ap p a r e n t . 
V o l u m e t r i c s t r a i n s were n e g a t i v e and l a r g e , r e a c h i n g over 5 per cent 
2 
a t f a i l u r e f o r the sample t e s t e d a t 280 kN/m e f f e c t i v e c o n f i n i n g 
p r e s s u r e . 
C o n s i d e r i n g the shear s t r e n g t h parameters (Table 2 . 9 )» i t i s 
apparent t h a t t h e I r e l a n d b u r n t s p o i l i s s t r o n g e r than Horden. Both 
are c o n s i d e r a b l y s t r o n g e r than the s t r o n g e s t unburnt d i s c a r d s , and 
a l s o s t r o n g e r than t h e p a r t l y b u r n t m a t e r i a l from Brancepeth. 
Both f a i l u r e envelopes may w e l l be curved. The cohesion 
i n t e r c e p t o f t h e Horden m a t e r i a l has a 95 per cent p r o b a b i l i t y 
( i . e . p r o b a b l y s i g n i f i c a n t ) o f b e i n g r e a l i f t h e f a i l u r e envelope 
i s assumed t o be l i n e a r (see Chapter 3 * 2 . 1 ) . I f t h e presence o f 
cohesion i n an aggregate which i s p r e d o m i n a n t l y g r a v e l s i z e i s n o t 
co n s i d e r e d a c c e p t a b l e , then i t f o l l o w s t h a t t h e r e i s a 95 per cent 
p r o b a b i l i t y t h a t Horden has a curved f a i l u r e envelope. I n t h e case 
o f t h e I r e l a n d m a t e r i a l , t h e l i m i t e d number o f s u c c e s s f u l t e s t s 
makes i t i m p o s s i b l e t o be c e r t a i n o f t h e degree o f c u r v a t u r e . 
2 
A t e s t a t 280 kN/m e f f e c t i v e c o n f i n i n g p r e s s u r e , gave a d e v i a t o r 
2 
s t r e s s o f t h e same o r d e r as t h a t o b t a i n e d a t 210 kN/m . T h i s would 
suggest an extreme amount o f c u r v a t u r e . However, e x a m i n a t i o n o f 
the t e s t r e c o r d s r e v e a l e d t h a t t h e v o l u m e t r i c s t r a i n i n t h i s t e s t 
5 1 
has been e x c e e d i n g l y l a r g e , 8 .5 per c e n t , and, f u r t h e r m o r e , a f t e r 
6 per cent l i n e a r s t r a i n , i t i n c r e a s e d a t a c o n s t a n t r a t e u n t i l 
f a i l u r e o c c u r r e d a t 16 per cent l i n e a r s t r a i n . From t h i s , i t was 
apparent t h a t t h e rubber membrane had p u n c t u r e d , so t h e r e s u l t s 
from t h i s t e s t were d i s c a r d e d . 
2 . 5 . 4 . 2 . R e s i d u a l s t r e n g t h 
A l a r g e s t r a i n shear-box t e s t was performed on the 
I r e l a n d b u r n t s p o i l . I t c o u l d n o t be c a r r i e d t o c o m p l e t i o n ( i . e . 
t r u e r e s i d u a l ) due t o excessive l o s s o f sample t h r o u g h the gap between 
the two h a l v e s o f the shear-box. T h i s gap was f o r c e d open t o such an 
e x t e n t t h a t m a t e r i a l o f up t o 20mm diameter c o u l d escape. From t h e 
s t r e s s r a t i o - d i s p l a c e m e n t curve ( F i g u r e 2 . 4 5 ) , i t i s apparent t h a t 
2 
a p p r e c i a b l e breakdown o n l y occurs a t normal s t r e s s e s above 240 kH/m 
I t can a l s o be seen t h a t even a f t e r lm d i s p l a c e m e n t , t h e shear s t r e n g t h 
i s s t i l l h i g h . I t i s 3 8 . 3 ° ( F i g u r e 2 .43 and Table 2 . 9 ) , which i s 
s t r o n g e r t h a n many unburnt s p o i l s , a l t h o u g h some 9 degrees lower 
t h a n the peak 0 v a l u e o f 47 .3 degrees. However, because o f t h e 
l a r g e amount o f sample l o s s , t h i s v a l u e o f apparent r e s i d u a l and t h e 
s h e a r i n g displacement r e q u i r e d t o reach i t i s p r o b a b l y meaningless. 
A f t e r t h i s e x perience w i t h I r e l a n d m a t e r i a l , a l a r g e s t r a i n shear 
t e s t was n o t attempted w i t h Horden m a t e r i a l . 
2 . 5 » 5 » D i s c u s s i o n o f p r o p e r t i e s o f b u r n t c o l l i e r y s p o i l 
I t i s apparent t h a t b u r n t c o l l i e r y s p o i l s are c o n s i d e r a b l y 
s t r o n g e r t h a n unburnt ones, as was i n d i c a t e d by T a y l o r ' s (1973a) 
r e s u l t s from Drancepeth ( a l s o N a t i o n a l Coal Board, 1 9 7 0 ) . F u r t h e r -
more, b o t h f u l l y b u r n t s h a l e s t e s t e d were s t r o n g e r t h a n the p a r t l y 
b u r n t Brancepeth m a t e r i a l . The b u r n t m a t e r i a l was p r e d o m i n a n t l y 
amorphous and i t s s t r e n g t h must be dependant upon d i f f e r e n t f a c t o r s 
t han unburnt s p o i l s . The most obvious d i f f e r e n c e i s , o f course, 
t h e l a c k o f dependance upon o r g a n i c carbon c o n t e n t , except i n so 
f a r as a h i g h carbon c o n t e n t i n t h e o r g i n a l s p o i l would be conducive 
t o t o t a l combustion. The h i g h t e m p e r a t u r e s deduced from t h e 
m i n e r a l o g y o f these samples suggests t h a t t h e fragmented m a t e r i a l 
must have been n e a r i n g f u s i o n . 
2.6. Weathering e f f e c t s upon shear s t r e n g t h o f coarse c o l l i e r y 
d i s c a r d s : - c o n c l u s i o n s 
2.6.1 Unburnt d i s c a r d s 
I n terms o f p h y s i c a l s t r e n g t h , s p o i l s o f low s e a t e a r t h 
c o n t e n t are r e s i s t a n t t o s h o r t - t e r m w e a t h e r i n g , p r o v i d e d t h a t t h e y 
are w e l l compacted. M a t e r i a l from South Wales ( i . e . Oakdale) i s 
r e s i s t a n t t o m i n e r a l o g i c a l a l t e r a t i o n f o r a p e r i o d o f a t l e a s t 6-12 
months. M a t e r i a l from t h e n o r t h - e a s t e r n p a r t o f t h e Y o r k s h i r e c o a l -
f i e l d ( i . e . K e l l i n g l e y ) does show a s l i g h t amount o f m i n e r a l o g i c a l 
change i n a 6 year p e r i o d i n t h e zone above t h e water t a b l e ( t h i s 
i s t h e s h a l e b l a n k e t m a t e r i a l ) . The same m a t e r i a l when m a i n t a i n e d 
under f u l l s a t u r a t i o n , i s , however r e s i s t a n t t o m i n e r a l o g i c a l change. 
When u n s a t u r a t e d and uncornpacted, i t i s prone t o b o t h p h y s i c a l and 
m i n e r a l o g i c a l d e g r a d a t i o n . 
C o n s i d e r i n g t h a t s e a t e a r t h s d e g r a d e more r e a d i l y than r o o f 
r o c k s (Lawrence, 1972), i t might be expected t h a t a s p o i l c o n t a i n i n g 
l a r g e q u a n t i t i e s o f s e a t e a r t h would be more prone t o w e a t h e r i n g t h a n 
one which does n o t . G e d l i n g s p o i l , which c o n t a i n s a t l e a s t 50 per 
cent o f s e a t e a r t h does indeed show a severe decrease i n p h y s i c a l 
s t r e n g t h upon exposure f o r 6-12 months. I t does not show any 
n o t i c e a b l e m i n e r a l o g i c a l changes, however. A c o n s i d e r a b l e q u a n t i t y 
o f d e g r a d a t i o n o f t h i s m a t e r i a l occurs when i t i s emplaced on t h e 
t i p (McKechnie Thomson and Rodin, 1972). However, the g r a d i n g o f 
th e s u p e r f i c i a l m a t e r i a l i s f i n e r t h a n t h a t o b t a i n e d from t h e body 
o f t h e t i p , t h us i n d i c a t i n g f u r t h e r breakdown. T h i s s u p e r f i c i a l 
m a t e r i a l i s c o n s i d e r a b l y weaker than any m a t e r i a l from t h e body 
o f t h e t i p . I t may however, c o n t a i n s u f f i c i e n t c l a y s i z e f r a c t i o n 
t o p r o v i d e a measurable c o h e s i o n . The d e g r a d a t i o n o c c u r r i n g d u r i n g 
53 
emplacement a d v e r s e l y e f f e c t s the shear s t r e n g t h , s i n c e the t i p 
m a t e r i a l i s n o t i c e a b l y weaker than the ex-washery m a t e r i a l . 
From t h e f o r e g o i n g i i t i s apparent t h a t the type o f s p o i l 
produced determines v/hether or not t h e r e w i l l be a we a t h e r i n g 
problem w i t h compacted s p o i l s , i . e . h i g h p r o p o r t i o n s o f s e a t e a r t h 
produce a s p o i l prone t o r a p i d d e g r a d a t i o n . I d e a l l y i t would be 
d e s i r a b l e t o l i m i t the o u t p u t o f s e a t e a r t h as much as p o s s i b l e . 
However, t h i s i s not s t r i c t l y f e a s i b l e s i n c e i t i s t h e weak 
s e a t e a r t h s which pose problems i n terms o f s e t t l e m e n t o f m i n i n g 
machinery. Consequently they are e x t r a c t e d and disposed o f on the 
t i p . I n t i p s where t h i s m a t e r i a l o c c u r s , t h e presence o f p o t e n t i a l l y 
weak l a y e r s s h o u l d be take n i n t o account i n t h e d e s i g n o f t h e t i p . 
From t h e m i n e r a l o g i c a l s t a n d p o i n t w e a t h e r i n g i s o b v i o u s l y 
slow i n compacted s p o i l . The o n l y samples t o show pronounced 
a l t e r a t i o n came from K e l l i n g l e y and v/ere over 6 years o l d . Both 
of these samples were a l s o i n a l o c a t i o n where they would be s u b j e c t 
t o a l t e r n a t e w e t t i n g and d r y i n g from p e r i o d i c f l u c t u a t i o n s i n the 
water t a b l e as w e l l as b e i n g c l o s e t o the s u r f a c e . The 6 year o l d 
compacted ( s h a l e b l a n k e t ) m a t e r i a l showed much l e s s a l t e r a t i o n , 
b o t h p h y s i c a l l y and m i n e r a l o g i c a l l y t h a n the 8 year o l d , uncompacted 
(Lagoon D embankment) m a t e r i a l . The m i n e r a l o g i c a l a l t e r a t i o n s u f f e r e d 
by t h i s 8 year o l d m a t e r i a l a p p a r e n t l y caused a drop i n r e s i d u a l 
shear s t r e n g t h as w e l l . As shown i n Chapter 3.3.I. the r e s i d u a l 
s t r e n g t h s o b t a i n e d i n a 60mm x 60mm shear-box are not r e l i a b l e 
a t normal s t r e s s e s l e s s t h a n 300-^00 kN/m . While t h e 0.3m x 0.3m 
shear-box t e s t s were r u n a t normal p r e s s u r e s h i g h e r than these 
(up t o 528 kN/m ) t h e r e i s no reason t o suppose t h a t t h e c h a r a c t e r -
i s t i c s o f t h e two s i z e s o f shear-box are s i m i l a r * . I t can be s a i d 
(see footnote on next page) 
however, t h a t the weathered m a t e r i a l reaches r e s i d u a l f a r more 
r e a d i l y than does the unweathered m a t e r i a l . There i s thus a 
p o s s i b l e d i f f e r e n c e i n behaviour o f m i n e r a l o g i c a l l y weathered t o 
p h y s i c a l l y weathered m a t e r i a l s , i n t h a t t h e r e was l i t t l e d i f f e r e n c e 
i n r e s i d u a l shear s t r e n g t h behaviour w i t h the G e d l i n g m a t e r i a l s . 
2.6.2 Burnt D i s c a r d s 
Where w e a t h e r i n g ( o x i d a t i o n ) and c o a l c o n t e n t was s u f f i c i e n t 
t o cause a s p o i l heap t o c a t c h f i r e , t he r e s u l t i n g b u r n t s p o i l i s 
c o n s i d e r a b l y s t r o n g e r , i n c o n t r a s t t o unburnt weathered s p o i l 
which i s v e r y much weaker than unweathered m a t e r i a l . From t h e 
l i m i t e d data a v a i l a b l e , i t would appear t h a t f u l l y b u r n t s p o i l s , 
such as I r e l a n d and Horden are s t r o n g e r than p a r t l y b u r n t ones 
such as Brancepeth. L o c a l i s e d t e m p e r a t u r e s p o s s i b l y up t o 1,300°C 
may have o c c u r r e d , s u f f i c i e n t t o cause f u s i o n . The b u l k o f the 
d i s c a r d fragments are composed o f amorphous m a t t e r . The chemical 
changes have produced a complete breakdown o f the o r i g i n a l m i n e r a l s . 
B urnt d i s c a r d s are a l s o more r e s i s t a n t t o comminution under 
l a r g e shear displacements than are unburnt t y p e s . 
* I t was not p o s s i b l e t o check t h e normal p r e s s u r e - r e s i d u a l shear 
s t r e n g t h r e l a t i o n i n t h e 0.3mx 0.3m box i n a s i m i l a r manner t o t h a t 
employed w i t h t h e 60mm x 60mm shear-box because t h e former can o n l y 
a t t a i n a maximum normal s t r e s s o f 528 kN/m , which i s t o o low t o 
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FI&URE 2 . 3 
RELATIONSHIP BETWEEN SHEAR STRENGTH PARAMETERS AND 
TOP POINT OF MOHR'S CIRCLES 
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PEAK AND RESIDUAL SHEAR STRENGTHS AS A FUNCTION OF NORMAL PRESSURE 
3.1 E f f e c t i v e s h e a r s t r e n g t h p a r a m e t e r s 
R o c k f i l l i s known to e x h i b i t a c u r v e d Mohr f a i l u r e e n v e l o p e 
( M a r s a l , 1973)i a s c r i b e d t o the c r u s h i n g o f p o i n t s o f c o n t a c t o f 
fr a g m e n t s by h i g h c o n t a c t p r e s s u r e s . The g r e a t e s t c u r v a t u r e 
2 
o c c u r s i n the p r e s s u r e r a n g e 0-2,000 kN/m . C o l l i e r y s p o i l , b e i n g 
a weak r o c k a g g r e g a t e , might a l s o be e x p e c t e d to e x h i b i t s i m i l a r 
p r o p e r t i e s . From a v i s u a l e x a m i n a t i o n o f s h e a r s t r e n g t h t e s t 
r e s u l t s , McKechnie Thomson and Rodin (1972) c o n c l u d e d t h a t t h e 
Mohr f a i l u r e e n v e l o p e f o r some c o l l i e r y d i s c a r d s were, i n f a c t , 
c u r v e d . T a y l o r and S p e a r s (1972) showed t h a t when a r e d u c e d major 
a x i s r e g r e s s i o n l i n e was f i t t e d to t h e l i n e d a t a f o r s p o i l from 
Y o r k s h i r e Main C o l l i e r y , t h e c o h e s i o n i n t e r c e p t was s t a t i s t i c a l l y 
s i g n i f i c a n t , w h i l s t t h a t f o r B r a n c e p e t h ( T a y l o r , 1973a) was not 
( i . e . c' = 0 i n t h e l a t t e r c a s e ) . On t h e b a s i s t h a t c o l l i e r y s p o i l 
i s a g r a n u l a r m a t e r i a l , i t s h o u l d not l o g i c a l l y p o s s e s s any c o h e s i o n . 
I t t h e r e f o r e f o l l o w s t h a t t h e Mohr f a i l u r e e n v e l o p e f o r Y o r k s h i r e 
Main s p o i l i s e s s e n t i a l l y c u r v e d . I n t h e c a s e o f weak ( s e a t e a r t h -
r i c h ) s p o i l s s u c h a s G e d l i n g i t i s p r o b a b l e t h a t t h e comminuted s k i n 
o f s u c h heaps may w e l l have a c o h e s i o n i n t e r c e p t . T h e r e i s l i t t l e 
e v i d e n c e t h a t t h i s i s a common phenomenon, however. L i n e a r f i t s 
h ave now been c o n s i d e r e d f o r o t h e r s p o i l s , t h e r e s u l t s o f which a r e 
d i s c u s s e d i n S e c t i o n 3«2. 
I t w i l l be a p p r e c i a t e d t h a t , w i t h a c u r v e d f a i l u r e e n v e l o p e , 
t h e p r e c i s e v a l u e s f o r c' and 0* g i v e n by a l i n e a r f i t w i l l depend 
upon the e f f e c t i v e s t r e s s range o v e r w h i c h t e s t i n g has been p e r f o r m e d . 
To overcome t h i s d i f f i c u l t y , McKechnie Thomson and Rodin ( F i g u r e 30, 
i 
1972) proposed an e q u i v a l e n t a n g l e of s h e a r i n g r e s i s t a n c e , 0 
( s e e C h a p t e r 2.2.4.1.) 
T h i s p a r a m e t e r i s u s e f u l f o r comparing s p o i l s , a l t h o u g h i t must 
95 
be remembered t h a t i t i s p o s s i b l e f o r two s p o i l s w i t h f a i l u r e 
, i 
e n v e l o p e s of d i f f e r i n g c u r v a t u r e to have th e same 0 v a l u e i f 
2 
they both have the same s h e a r s t r e n g t h a t 350 kN/m normal s t r e s s . 
T h i s p a r a m e t e r i s n o t , however, v e r y u s e f u l f o r s t a b i l i t y c o m p u t a t i o n s , 
a s w i l l be shown l a t e r i n C h a p t e r 5-3. 
3.2. C u r v a t u r e o f Mohr e n v e l o p e s 
3.2.1. C o a r s e c o l l i e r y d i s c a r d 
The s t a t i s t i c a l t e s t s f o r s i g n i f i c a n c e of c o h e s i o n mentioned 
i n t h e p r e v i o u s s e c t i o n , performed by T a y l o r and S p e a r s (1972) on 
Y o r k s h i r e Main s p o i l , and by T a y l o r (1973a) on B r a n c e p e t h s p o i l , 
have been a p p l i e d h e r e to o t h e r s p o i l s . The s i g n i f i c a n c e of a v a l u e 
o f c o h e s i o n o b t a i n e d by t h e r e d u c e d major a x i s r e g r e s s i o n method 
depends on t h e S t u d e n t ' s t d i s t r i b u t i o n o f the y - i n t e r c e p t . T h i s 
can be o b t a i n e d by d i v i d i n g the y - i n t e r c e p t by i t s s t a n d a r d e r r o r . 
T h i s r a t i o can t h e n be compared w i t h the S t u d e n t ' s t d i s t r i b u t i o n 
a t N-2 d e g r e e s of freedom, where N i s t h e number of p o i n t s . From 
t h i s , t h e c o n f i d e n c e l e v e l can be deduced ( F i s h e r and Y a t e s , 19^8). 
The r e s u l t s o f a p p l y i n g t h i s t e c h n i q u e to a number o f s p o i l s 
i s shown i n T a b l e 3.1. The t e s t d a t a f o r G e d l i n g , Oakdale, 
K e l l i n g l e y and Horden a r e from th e p r e s e n t work ( s e e C h a p t e r 2), 
w h i l e the r e m a i n d e r have been g l e a n e d from th e l i t e r a t u r e . A l l 
t h e t e s t d a t a from G e d l i n g have been combined, w i t h t h e e x c e p t i o n 
of the 6-12 month o l d w e a t h e r e d m a t e r i a l , which, a s mentioned i n 
C h a p t e r 2.2.5 may a c t u a l l y p o s s e s s c o h e s i o n . S i m i l a r l y , t h e 
r e s u l t s f o r m a t e r i a l from K e l l i n g l e y c o l l i e r y ( i . e . f r e s h s p o i l , 
embankment s p o i l and s h a l e b l a n k e t ) a r e a l s o combined, and so a r e 
the r e s u l t s f o r m a t e r i a l from Oakdale c o l l i e r y . Among the r e s u l t s 
t a k e n from t h e l i t e r a t u r e , t h o s e f o r s p o i l from West V i r g i n i a n 
c o a l m i n e s g i v e n by Busch, e t a l (197*0 s h o u l d be mentioned. The 
f a i l u r e c r i t e r i a u s e d i n t h i s r e f e r e n c e a r e t h o s e of maximum s t r e s s 
r a t i o . T h i s i s l i a b l e to g i v e f a i l u r e e n v e l o p e s v/ith a s m a l l v a l u e 
96. 
o f c o h e s i o n ( B i s h o p and H e n k e l , 1962). To overcome t h i s , t h e f a i l u r e 
p o i n t s have been r e c a l c u l a t e d u s i n g a maximum d e v i a t o r s t r e s s a t 
f a i l u r e b a s i s ( o r the d e v i a t o r s t r e s s a t 20 p e r c e n t s t r a i n , where 
t h i s i s a p p l i c a b l e ) . 
I t c an be s e e n from T a b l e 3.1 t h a t a l l but t h r e e of the s p o i l s 
show a 99 p e r c e n t p r o b a b i l i t y c o n f i d e n c e l e v e l ( i . e . s t a t i s t i c a l l y 
s i g n i f i c a n t ) , t h a t c o h e s i o n i s g r e a t e r t h a n z e r o f o r a l i n e a r 
r e d u c e d major a x i s l i n e f i t . Of t h e e x c e p t i o n s , two, Horden 
( a b u r n t s h a l e ) and Oakdale ( a h i g h r a n k s p o i l ) have a 95 p e r c e n t 
p r o b a b i l i t y ( i . e . p r o b a b l y s i g n i f i c a n t ) and one, A b e r f a n , has a 
90 p e r c e n t p r o b a b i l i t y ( i . e . below t h e a c c e p t a b l e c o n f i d e n c e l e v e l ) . 
I n a d d i t i o n , T a b l e 3.2 l i s t s some r e s u l t s o b t a i n e d by o t h e r a u t h o r s . 
The v a l u e s f o r the r a n k o f the a s s o c i a t e d c o a l s , shown i n 
T a b l e 3.2, were s u p p l i e d by t h e N a t i o n a l C o a l Board, w i t h t h e 
e x c e p t i o n o f the West V i r g i n i a n m a t e r i a l . F o r t h e s e , no rank v a l u e s 
a r e a v a i l a b l e . However, B a r r a b e and F e y s (1965) mention t h a t t h e 
West V i r g i n i a n c o a l f i e l d c o n t a i n s i t u m i n o u s c o a l s of 30-40 p e r c e n t 
v o l a t i l e m a t t e r , v/hich would i m p l y a r a n k i n e x c e s s of 400, but 
below 901. 
S p o i l s w h ich d i s p l a y a 99 p e r c e n t p r o b a b i l i t y , or above, o f 
c o h e s i o n a r e a l l o f low r a n k ( i . e . 4-00 to 902). F o r t h e s e , t h e 
most l i k e l y e x p l a n a t i o n i s t h a t the Mohr f a i l u r e e n v e l o p e i s , i n 
f a c t , c u r v e d , so t h a t the a c t u a l f a i l u r e e n v e l o p e w i l l p a s s t h r o u g h 
t h e o r i g i n ( i . e . not d i s p l a y any c o h e s i o n ) . Of t h e s p o i l s w h i c h show 
a l o w e r s t a t i s t i c a l p r o b a b i l i t y , t h e f o u r w hich have o n l y a 'probably 
s i g n i f i c a n t ' c o h e s i o n ( i . e . 95 p e r c e n t p r o b a b i l i t y ) a r e ones f o r 
w h i c h the number o f sp e c i m e n s t e s t e d a r e s m a l l , b e i n g s i x o r l e s s . 
I n s t a t i s t i c a l work a l a r g e number of d a t a p o i n t s i s d e s i r a b l e f o r 
m e a n i n g f u l c o r r e l a t i o n s . F u r t h e r m o r e , w i t h t h e e x c e p t i o n o f O a k d a l e , 
t h e t e s t s were c a r r i e d out i n t h e l o w e r s t r e s s range ( c o n f i n i n g 
l 2 p r e s s u r e s , O"^ , of up to 280 kN/m ) . The amount o f a p p a r e n t c o h e s i o n 
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TABLE 3.2 
PROBABILITY OF COHESION INTERCEPT BEING GREATER THAN ZERO, AS 
DETERMINED BY OTHER AUTHORS 
Sample Rank No. of 
Speoimens 
P e r c e n t a g e 
P r o b a b i l i t y 
t h a t c'>0 
Maximum 
of t e s t (kN/m 2) 
1 
Y o r k s h i r e Main 600 ^9 99.0 
( s i g n i f i c a n t ) 
3^0 
2 
B r a n c e p e t h 301-
koi 
36 80.0 
( n o t s i g n i f i -
c a n t ) 
3^0 
C y n h e i d r e ^ 102 k 95 
( p r o b a b l y 
s i g n i f i c a n t ) 
280 
B i r c h C o p p i c e ^ 902 k 95 
( p r o b a b l y 
s i g n i f i c a n t ) 
280 
1 - T a y l o r and S p e a r s , 1972 
2 - T a y l o r , 1973a 
3 - A l l e n , 1973 
99. 
when a l i n e a r f i t i s a p p l i e d to a c u r v e d e n v e l o p e . 
The two samples w i t h o u t s i g n i f i c a n t c o h e s i o n , A b e r f a n and 
B r a n c e p e t h , a r e both h i g h r a n k , h a r d , b r i t t l e m a t e r i a l s , 
B r a n c e p e t h b e i n g p a r t l y b u r n t . I t i s of i n t e r e s t t h a t t h e o t h e r 
two h i g h r a n k s p o i l s , Oakdale and C y n h e i d r e , and t h e bur n t s p o i l , 
( Horden) have o n l y a 95 p e r c e n t p r o b a b i l i t y w i t h r e s p e c t to c o h e s i o n . 
From the i n f o r m a t i o n t o date i t would appear t h a t t h e low rank 
s p o i l s , even when s t r o n g ( i . e . t he West V i r g i n i a n s p o i l s ) , show 
pronounced c u r v a t u r e o v e r t h e normal p r e s s u r e r a n g e to be e x p e c t e d 
2 
i n c o l l i e r y s p o i l heaps ( i . e . 0-1,000 kN/m ) , w h i l s t t h e h a r d e r , 
h i g h r a n k and bur n t s p o i l s do not show s u c h pronounced c u r v a t u r e 
o v e r t h e s e p r e s s u r e s . 
T h i s o v e r a l l s i t u a t i o n i s i l l u s t r a t e d by t h e l a s t t h r e e e n t r i e s 
i n T a b l e 3.1. F i r s t l y , a l l t h e B r i t i s h s p o i l d a t a a v a i l a b l e , some 
*)-l8 p o i n t s , were a n a l y s e d s t a t i s t i c a l l y . T h i s r e v e a l e d t h a t t h e r e 
was 99.0 p e r c e n t p r o b a b i l i t y o f a p o s i t i v e c o h e s i o n i n t e r c e p t f o r 
a l l B r i t i s h s p o i l s . When s p l i t i n t o Welsh and E n g l i s h c o l l i e r i e s , 
an i n t e r e s t i n g p o i n t a r i s e s . F o r Welsh s p o i l s , t h e p r o b a b i l i t y 
of t h e r e b e i n g a p o s i t i v e v a l u e of c o h e s i o n i s s t i l l 99.0 p e r c e n t . 
F o r E n g l i s h s p o i l s , however, t h e p r o b a b i l i t y h a s r i s e n to 99.9 p e r 
c e n t . T h i s d i f f e r e n c e may be an e x p r e s s i o n of t h e d i f f e r e n t r a n k s 
of t h e s p o i l s c o m p r i s i n g t h e two s u i t e s . The Welsh s p o i l s , w h i c h 
a r e a l l from t h e South V/ales c o a l f i e l d , a r e g e n e r a l l y o f h i g h e r 
r a n k than a r e t h o s e from E n g l a n d . 
3.2.2 Peak s h e a r s t r e n g t h o f 0.6mm to 1.2mm s i z e f r a c t i o n s 
A s e r i e s o f t e s t s on 0.6 to 1.2mm s i z e f r a c t i o n m a t e r i a l 
were c a r r i e d out i n a 60 x 60mm r e v e r s i n g s h e a r - b o x to i n v e s t i g a t e 
the e f f e c t of normal s t r e s s on r a t e o f p a r t i c l e breakdown. T h i s 
e f f e c t v / i l l be d i s c u s s e d l a t e r i n t h i s c h a p t e r ( S e c t i o n s 3.3.1 and 
3-3.2). The t e s t s a l s o h e l p i n e l u c i d a t i n g t h e e f f e c t s o f normal 
s t r e s s on peak s h e a r s t r e n g t h and c a n t h e r e f o r e be compared w i t h 
100 
the r e s u l t s for coarse d i s c a r d given i n S e c t i o n 3.2.1. 
The t e s t s were conducted over a pressure range from 50 to 
2 
1,000 kN/m • Each specimen was prepared by wet s i e v i n g the 0.6mm 
to 1.2mm f r a c t i o n from a bulk sample of the m a t e r i a l . This f r a c t i o n 
was then s l u i c e d into the shear-box, and the normal s t r e s s a p p l i e d . 
I f the m a t e r i a l i n the box consolidated to such an extent that the 
top p l a t t e n encroached upon the shearing zone i n the sample, the 
sample was unloaded, and the box topped-up with more m a t e r i a l , 
a f t e r the top s u r f a c e of the compressed m a t e r i a l had been roughened. 
The normal s t r e s s was then r e - a p p l i e d . T h i s u s u a l l y only happened 
when a high normal s t r e s s was o p e r a t i v e . 
Each sample was then sheared u n t i l i t had apparently reached 
r e s i d u a l , i . e . shear s t r e s s remained constant over s e v e r a l r e v e r s a l s . 
When t h i s stage was reached, the sample was removed and wet s i e v e d 
to f i n d the extent of p a r t i c l e breakdown. 
In a d d i t i o n , some specimens were not sheared. For these, the 
r e q u i s i t e normal pressure v/as a p p l i e d and the sample was then s i e v e d 
a f t e r c o n s o l i d a t i o n v/as complete. T h i s procedure giv e s an i n d i c a t i o n 
of the amount of p a r t i c l e breakdown caused by normal s t r e s s alone. 
Peak shear strength r e s u l t s using a reduced major a x i s f i t 
are i l l u s t r a t e d i n Figure 3*1 and Table 3«3« From these, i t i s 
apparent that for both K e l l i n g l e y and Gedling there i s a 99 per 
cent p r o b a b i l i t y that the cohesion parameter i s g r e a t e r than zero. 
I t i s , of course, improbable that a sample of coarse sand 
s i z e w i l l possess cohesion. An examination of Figure 3.1 shows 
that the f a i l u r e envelope i s , i n f a c t , curved, passing through the 
o r i g i n . I n the case of Oakdale, however, there i s no n o t i c e a b l e 
curvature, nor i s the s m a l l value of cohesion i n Table 3.3 s i g n i f i c a n t 
(only 30 per cent p r o b a b i l i t y that c' i s greater than z e r o ) . T h i s 
r e i n f o r c e s the impression gained from the coarse c o l l i e r y d i s c a r d s , 
namely that the low rank (high v o l a t i l e ) m a t e r i a l s , show a s i g n i f i c a n t 
amount of curvature i n the pressure ranges a s s o c i a t e d with c o l l i e r y 
waste t i p s , whereas the high rank (low v o l a t i l e ) ones do not. 
The amount of p a r t i c l e breakdown which occurs due to the 
a p p l i c a t i o n of normal s t r e s s alone can be seen i n F i g u r e s 3.2 to 
3.^, and i n Table 3«^» As might be expected, the amount of 
degradation i n c r e a s e s as normal s t r e s s i n c r e a s e s . With r o c k f i l l , 
i n c r e a s i n g degradation with i n c r e a s i n g normal s t r e s s causes a 
reduction i n 0 , i . e . curvature of the Mohr envelope (Marsal, 1973). 
Presumeably, the same s i t u a t i o n e x i s t s with c o l l i e r y s p o i l s . 
Of the three s p o i l s t e s t e d , the one shov/ing the l e a s t p a r t i c l e 
breakdov/n was Oakdale, and i t did not show s i g n i f i c a n t curvature 
of i t s Mohr envelope, w h i l s t the one with the g r e a t e s t amount of 
breakdown, Gedling, shows the g r e a t e s t amount of curvature (see 
Table 3-5). 
Three normal loading t e s t s were performed on Gedling m a t e r i a l 
(Figure 3.2). I t can be seen that the amount of breakdown does not 
in c r e a s e l i n e a r l y with s t r e s s i n c r e a s e . T h i s could explain why the 
amount of curvature per u n i t s t r e s s becomes l e s s as normal s t r e s s 
i n c r e a s e s . 
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Incr e a s e i n 
uniformity 
c o e f f i c i e n t , 
u, at 1,000 
kN/m2 
Increase i n 
Trask s o r t i n g 
c o e f f i c i e n t 
So,at 1,000 
kN/m2 
Gedling 32.^ 25.6 Approx.150 (>8) Approx.2.8(>2.2) 
K e l l i n g l e y 29.6 26.if *f.3 0.2 
Oakdale 29.1* 29.1* 0.7 0.0 
The angle of 0 ' given for Oakdale i s c a l c u l a t e d f o r a 
s t r a i g h t l i n e f i t with c ' = 0. 
10*f. 
3.2.3 Curve f i t t i n g 
i F i gure 3-5 i l l u s t r a t e s one of the problems v/ith the 0 
e 
method of d e s c r i b i n g curved envelopes. The 0* value for Gedling 
i s 29.9 and for K e l l i n g l e y i t i s 28.5 . Whilst t h i s gives a 
s e n s i b l e i n t e r p r e t a t i o n for the lower s t r e s s range (up to 600 kN/m ) -
that Gedling i s stronger than K e l l i n g l e y - i t does not h i g h l i g h t the 
the f a c t that at higher normal s t r e s s e s , Gedling i s weaker than 
K e l l i n g l e y . The m a t e r i a l s could be described i n terms of equivalent 
shear s t r e n g t h parameters by g i v i n g the value of 0* at s e v e r a l normal 
s t r e s s e s , as has been done i n Table 3.5. T h i s i s a very cumbersome 
method, however. Furthermore, i t s u f f e r s , as does 0 g , from being 
very s u b j e c t i v e , depending upon the i n d i v i d u a l observers opinion 
of where the envelope should l i e * . I t i s obviously e a s i e r and more 
d e s i r a b l e to represent the f a i l u r e envelope by a mathematical 
expression which d e s c r i b e s a curve and whose parameters can be 
asse s s e d s t a t i s t i c a l l y . 
Owing to the s c a t t e r of data points, i t i s not p o s s i b l e to know 
what the p r e c i s e shape of the curve ought to be. Therefore an 
assumption has to be made. The general equation that has been 
chosen i s of the form: 
T = mto-V 
where T = shear s t r e s s 
i 
Cf = normal s t r e s s 
m = constant 
z = constant 
* In t h i s work, the values of 0'g quoted i n Chapter 2 have, 
i n f a c t , been c a l c u l a t e d from the curved envelopes developed 
here, using the parameters shown i n Table 3.6. 
t h i s has the following advantages: 
a) There are only two parameters, m and z, to def i n e . This i s 
important, as, with the usual number of t e s t specimens, there 
i s not enough data to give s e n s i b l e values to a large number 
of parameters. 
b) The equation passes through zero, i . e . there i s no cohesion, 
because when o- = 0, m(o-') and th e r e f o r e T, = 0 . 
c) The amount of curvature i s v a r i a b l e , being c o n t r o l l e d by m and z 
d) The curve can be e a s i l y f i t t e d to a s e t of data points by using 
a reduced major a x i s s t a t i s t i c a l f i t to a log-log transform of 
the p o i n t s . 
The t h e o r e t i c a l b a s i s f or f i t t i n g the curve i s as f o l l o w s : -
Given that the curve equation i s 
T = mCo-'')2 (1) 
taking logs of each s i d e , t h i s i s transformed to: 
logT = log m(c-') z (2) 
.*. log T = z logo' 1 + log m (3) 
Th i s i s the equation of a s t r a i g h t l i n e of gradient z and with 
a y a x i s i n t e r c e p t of log m. 
Therefore, i f the shear s t r e n g t h r e s u l t s are p l o t t e d on a 
log-log b a s i s , the equation of the reduced major a x i s l i n e through 
them v / i l l give values of z and log m (see Figure 3*6) 
T h i s procedure i s e a s i l y a p plied to shear-box r e s u l t s , where 
there i s a d i s c r e t e point, but for t r i a x i a l r e s u l t s i t i s more 
d i f f i c u l t . When using the curve f i t t i n g technique for t r i a x i a l 
r e s u l t s , i t i s necessary to s e l e c t the point on each Mohr c i r c l e 
which re p r e s e n t s the s t r e s s conditions at f a i l u r e for that sample. 
T h i s i s accomplished by the c o n s t r u c t i o n shown i n Figure 3«7, and 
w i l l be known as the 1 t r i a x i a l f a i l u r e s t r e s s p o i n t 1 
The reduced major a x i s program (Appendix B) was modified to 
give estimates of m and z and to draw the curves. The curves are 
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drawn by c a l c u l a t i n g the values of I at 10 kN/m i n t e r v a l s on the 
a x i s . These points are then joined by s t r a i g h t l i n e s . Using 
t h i s program, curves have been f i t t e d to s e v e r a l s p o i l s . The 
r e s u l t s are shown i n F i g u r e s 3.8 to 3.25 and i n Table 3.6. 
3.2.^» Some fe a t u r e s of the curves 
Examination of the f i g u r e s shows that the value of z i s 
c o n t r o l l e d by the shape of the curve. Where sharp curvature i s 
required i n the low s t r e s s range, z i s lov/est (e.g. B i r c h Coppice, 
Figure 3.8) and where i t i s spread over the v/hole of the s t r e s s 
range, z i s highest (e.g. K e l l i n g l e y shale blanket, Figure 3.20). 
Where z i s approximately constant, an i n c r e a s e i n m i n d i c a t e s an 
inc r e a s e i n stren g t h (e.g. Oakdale, Figure 3-23 i s stronger than 
Gedling 3m deep specimen, Figure 3-15)• These v a r i a t i o n s can a l s o 
be seen i n Figure 3.26, where s e v e r a l shapes of curve are shown. 
Where z = 1, the l i n e i s s t r a i g h t (e.g. Oakdale 0.6 - 1.2mm s i z e 
f r a c t i o n ) . I n t h i s case, m i s equal to tan 0' i n the expression 
f = cv' tan 0 '. 
Consideration of the values of z and the graphs of p a r t i c l e 
breakdov/n for 0.6 to 1.2mm s i z e samples ( F i g u r e s 3.2 to 3.*0 shows 
that there i s a p o s i t i v e c o r r e l a t i o n between these two. Table 3«7 
shows the values of the 'Area Ratio* and z. The 'Area R a t i o 1 i s 
here defined as the r a t i o of the area under the p a r t i c l e s i z e curve 
* 2 between 600 and 72yu m for a normal pressure of 200 kN/m to a 
2 
s i m i l a r area at 1,000 kN/m normal s t r e s s . T h i s i m p l i e s that the 
amount of curvature i n c r e a s e s with i n c r e a s e i n crushing of p a r t i c l e 
c o n t a c t s . 
* As the o r i g i n a l p a r t i c l e s i z e grading i n these t e s t s was 
between 600 and 1200y*m, that part of the grading curve below 




VALUES OF m AND z FOR 11 SPOILS 
Sample Rank m z Figure 
B i r c h Coppice 902 2.613 0.771 3.8 
Cynheidre 102 1.412 O.890 ...3-3 
Yorkshire Main 600 0.946 0.952 3.10 
I s a b e l l a 600-700 2.158 O.816 3.11 
West V i r g i n i a a ) T r i a x i a l 400-901 1.404 0.902 3.12 
b)3hear-box ^00-901 1.255 0.902 3.12 
Denby H a l l 702 1.629 0.831 3.13 
Gedling 
Composite 3-4m old sample 802/902 1.189 O.858 3.14 
lm deep 1.135 O.856 3.15 
3m deep 0.972 O.898 3.15 
4m deep 1.334 0.839 3.15 
Wimpey data ( o l d t i p ) 0.874 0.920 3.16 
0.6-1.2mm f r a c t i o n 1.597 O.825 3.17 
K e l l i n g l e y 
Lagoon D Embankment 
8 years o ld, above V/.T. 502-702 1.06l 0.886 3.18 
Lagoon D Embankment 
8 years o ld, below V/.T. 1.957 0.821 3.19 
Shale blanket 6 years old O.762 0.974 3.20 
Lagoon B, South Embankment 1.324 0.890 3.21 
F r e s h s p o i l from s t o c k p i l e 1.380 0.890 3.22 
0.6-1.2mm f r a c t i o n 0.881 0.917 3.17 
Oakdale 
Composite sample 301 1.215 0.899 3.23 
0.6-1.2mm f r a c t i o n 0.557 1.000 3.17 
Horden Burnt 1.811 0.894 3.24 
I r e l a n d Burnt 3.628 0.794 3.25 
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TABLE 3.7 
COMPARISON OF z AND AREA RATIOS FOR 0.6 to 1.2mm oIZE FRACTION SAMPLES 
Sample z Area Ratio (see t e x t , Chapter 3.2.U.) 
Gedling 0.825 0.73 
K e l l i n g l e y 0.917 0.26 
Oakdale 1.000 0.19 
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I t should be noted that the value of m i s dependent on the u n i t s 
used, whereas z i s not. I f the conversion f a c t o r between one set of 
u n i t s and another i s f, and assuming the shear s t r e s s and normal 
s t r e s s i n the f i r s t s e t of u n i t s to be s and p r e s p e c t i v e l y and 
t and u i n the second s e t , then from equation ( l ) above: 
s = mpz (4) 
a l s o 
t = s . f (5) 
and 
u = p.f (6) 
From (4) and (5) 
t = m. f . p z 
and from (6) 
u 
P = ? 
• . „ /UN Z 
. . t = m.l. {—) 
m z . . t = — } r y u 
f ( z - l ; 
• i . ri ( 1 - Z ) Z / N \ 
. . t = m.f. u (7) 
I t f o l lows from t h i s expression t h a t , when used with d i f f e r e n t 
u n i t s , z remains unaltered, while the parameter m must be m u l t i p l i e d 
( 1 - z ) 
by a f a c t o r of f where f i s the conversion f a c t o r between the 
two u n i t s * . 
In the current work, S . I . u n i t s are used. Thus m i s always 
2 
a function of s t r e s s e s i n kN/m . 
* T h i s p a r a l l e l s the Culomb-Navier equation T=0*tan 0 + C, where 
0 i s unaffected by u n i t s , but c i s unit-dependent. 
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3.3 Re s i d u a l shear s t r e n g t h 
3.5.1 Re s i d u a l shear s t r e n g t h of 0.6mm to 1.2mm s i z e f r a c t i o n 
As mentioned i n S e c t i o n 3-2.2. a s e r i e s of specimens of 
the 0.6mm to 1.2mm s i z e f r a c t i o n of m a t e r i a l from Gedling, K e l l i n g l e y 
and Oakdale were sheared to t h e i r r e s i d u a l strengths at varying normal 
p r e s s u r e s . T h i s experiment was an extension of a s i n g l e t e s t s u i t e 
performed on ma t e r i a l from O l l e r t o n C o l l i e r y by Ratsey (1973). Thi s 
O l l e r t o n m a t e r i a l (Rank 802) showed ( a ) a markedly curved r e s i d u a l 
shear s t r e n g t h envelope and (b) r e s i d u a l shear s t r e n g t h was a t t a i n e d 
at considerably smaller displacements at normal s t r e s s l e v e l s of 
2 2 300 kN/m and greater, than at a s t r e s s l e v e l of 133-7 kN/m (see 
Fig u r e s 3.27 and 3.28). These t e s t s on O l l e r t o n were s l i g h t l y 
d i f f e r e n t from the present s e r i e s i n that m a t e r i a l of the required 
s i z e was obtained by crushing the l a r g e r s i z e f r a c t i o n s . T h i s 
p r a c t i c e , which was necessary due to shortage of m a t e r i a l , may have 
l e d to samples not being of c o n s i s t a n t composition. 
F i g u r e s 3.29 to 3.31 show the s t r e s s ratio-displacement curves 
of the m a t e r i a l s t e s t e d , and Fi g u r e s 3.32 to 3.3^ show the gradings 
at the end of each t e s t . From the curves of s t r e s s r a t i o a g a i n s t 
displacement i t i s apparent that the r e s i d u a l s t r e s s r a t i o drops 
r a p i d l y with i n c r e a s e i n normal s t r e s s up to a c e r t a i n normal 
s t r e s s l e v e l , where t h i s decrease n e a r l y ceases. T h i s c u t - o f f value, 
above which the r e s i d u a l f a i l u r e envelope i s v i r t u a l l y l i n e a r (see 
2 
F i g u r e s 3.35 - 3-37) v a r i e s for d i f f e r e n t s p o i l s , from 300 kN/m 
2 
( K e l l i n g l e y ) t o ^00 kN/m (Gedling and Oakdale). For O l l e r t o n i t i s 
2 
i n the region of 350 kN/m (Fi g u r e 3-27). I t i s of i n t e r e s t to note 
that i t i s at these c u t - o f f values that r e o r i e n t a t i o n peaks f i r s t 
appear. 
In a r e v e r s i n g shear-box, there i s considerable sample l o s s due 
to m a t e r i a l working i t s way through the s p l i t i n the box. As t h i s 
I l l 
l o s s c h i e f l y a f f e c t s the f i n e r f r a c t i o n s , a time w i l l a r i s e during 
the t e s t when the production of f i n e r m a t e r i a l by the shearing 
process w i l l equal the r a t e of l o s s , and the shearing r e s i s t a n c e 
w i l l drop no f u r t h e r . As the angle of apparent r e s i d u a l shear 
strength drops with i n c r e a s e i n normal s t r e s s (see F i g u r e s 3-29 to 
3.31) i t i s obvious that the r a t e of supply of f i n e r m a t e r i a l ( i . e . 
the r a t e of p a r t i c l e breakdown) must the r e f o r e i n c r e a s e with i n c r e a s i n g 
normal s t r e s s . T h i s w i l l a l s o have the e f f e c t of decreasing the 
displacement required to reach r e s i d u a l , as normal s t r e s s i n c r e a s e s . 
T h i s more r a p i d drop to r e s i d u a l at high normal s t r e s s e s could 
be the reason f or the r e s u l t s obtained by Bishop (1973). Here, 
m a t e r i a l from Aberfan Tip 2 was sheared f or 270m i n a r i n g shear-box 
before a n e a r - r e s i d u a l shear s t r e n g t h was obtained, whereas i n the 
f a i l u r e of Tip 7 at Aberfan ( c o n t a i n i n g s i m i l a r m a t e r i a l ) a r e s i d u a l 
value of 17«5 to l 8 . 5 degrees v/as achieved i n about 21m displacement. 
The r i n g shear t e s t v/as, however, conducted at a normal s t r e s s of 
2 
only 100 kN/m whereas the a c t u a l pressure on the s l i p plane of 
2 
Tip 7 was over 350 kN/m for most of i t s length, r i s i n g to a maximum 
2 
of MtO kN/m ( c a l c u l a t e d from Figure 1.28 i n Bishop et a l , 1969). 
Thus the r a t e of reduction i n shear s t r e n g t h on the shear plane 
under f i e l d conditions would have been much greater than i n the r i n g 
shear t e s t . 
V/hile the mechanism o u t l i n e d above e x p l a i n s the reduction i n 
s t r e s s r a t i o as normal s t r e s s i n c r e a s e s , one would not expect such 
a sharp break i n the r a t e of reduction of r e s i d u a l shear s t r e n g t h 
as a c t u a l l y occurs. T h i s change i n r a t e could i n d i c a t e a change 
i n mechanism. At low normal s t r e s s e s the p a r t i c l e s v / i l l have the 
f a c i l i t y f o r l i m i t e d d i l a t i o n and w i l l be able to r i d e over one 
another during shearing with breakdown being due to abrasion. At 
higher s t r e s s e s , the p a r t i c l e s v / i l l become locked together, and 
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shearing w i l l take place through i n d i v i d u a l p a r t i c l e s to cause 
breakdown. I t i s impossible to t e s t t h i s hypothesis, as the 
amount of sample l o s s during shearing masks the small amount of 
d i l a t a n t behaviour. However, i t i s of i n t e r e s t to note that i n 
the t r i a x i a l t e s t s upon coarse d i s c a r d , d i l a t i o n , i f only on a 
small s c a l e , was often occurring at low confining p r e s s u r e s 
2 
(approx. 70 kN/m ) . 
3.3.2 P a r t i c l e s i z e a f t e r r e s i d u a l shear 
From the grading curves a f t e r the shear t e s t s , i t i s apparent 
that g e n e r a l l y , for each m a t e r i a l , the amount of breakdown i n c r e a s e s 
as normal s t r e s s i n c r e a s e s . However^the breakdown i s not l i n e a r , 
the r a t e of i n c r e a s e being g r e a t e s t at the lov/er normal p r e s s u r e s . 
I t i s of i n t e r e s t to note that the f i n a l grading for the 
d i f f e r e n t m a t e r i a l s does not c o r r e l a t e with the r e s i d u a l shear 
strength of the m a t e r i a l . The m a t e r i a l with the highest angle 
of 0*r, O l l e r t o n , (18° at 1,000 kN/m 2)(Figure 3-28) has 30 per cent 
of m a t e r i a l passing 72.y^m at t h i s pressure (Figure 3*38). I t should 
be noted that t h i s m a t e r i a l was only sheared u n t i l i t v/as approaching 
r e s i d u a l , and i t s true r e s i d u a l may w e l l be lower (Ratsey, 1973). 
The m a t e r i a l with the lowest 0*r at 1,000 kN/m2, K e l l i n g l e y (10.5°) 
has only 20 per cent passing 72./xm ( F i g u r e s 3.36 and 3«33). Gedling 
and Oakdale both have a s i m i l a r r e s i d u a l value at 1,000 kN/m2, 14° 
(F i g u r e s 3.35 and 3*37), but Gedling has 40 per cent passing 12.jj.xa. 
(Figure 3«32) w h i l s t Oakdale only has Ik per cent passing 72jxm 
(Figure 3*34) at t h i s p r essure. I t i s obvious that the f i n a l p a r t i c l e 
s i z e d i s t r i b u t i o n does not c o n s t i t u t e the only major c o n t r o l on 0 , 
and hence some other c o n t r o l must be sought. 
3.3.3 Mineralogy 
The mineralogy of the samples i s reproduced, f o r convenience, 
i n Table 3.8. That of O l l e r t o n i s taken from Ratsey (1973). As 
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can be seen, there i s no o v e r a l l c o n t r o l on 0 from the mineralogy 
e i t h e r . Considering the two samples, Gedling and K e l l i n g l e y , which 
have s i m i l a r peak strengths but d i s s i m i l a r r e s i d u a l s , the main 
d i f f e r e n c e i n mineralogy i s that Gedling has a higher quartz and lower 
organic carbon content. I t a l s o has the higher r e s i d u a l shear s t r e n g t h 
value. As carbon u s u a l l y i n c r e a s e s the peak shear s t r e n g t h ( T a y l o r , 
197^b), i t was thought that coaly m a t e r i a l might have been migrating 
from the shear plane. T h i s was t e s t e d with three a v a i l a b l e shear 
plane specimens (Table 3.9) and found not to be the case. The 
p o s s i b i l i t y a r i s e s , t h e r e f o r e , that the higher quartz content of the 
Gedling s p o i l i s the cause of i t s higher r e s i d u a l shear s t r e n g t h . 
Quartz did not show any c o r r e l a t i o n with peak shear strength however 
( T a y l o r , 197^b). A p o s s i b l e mechanism i s the r e l e a s i n g of quartz 
g r a i n s from the mineral aggregrates which form the shale p a r t i c l e s 
during the mechanical breakdown of the l a t t e r over l a r g e shear 
displacements. I t i s n o t i c e a b l e that O l l e r t o n , which a l s o has a 
high r e s i d u a l shear s t r e n g t h a l s o has a f a i r l y high quartz content. 
Oakdale, on the other hand, has a low quartz content, but has a 
r e s i d u a l shear strength equal to that of Gedling. I n t h i s case, 
however, i t w i l l be remembered that very l i t t l e p a r t i c l e breakdown 
occurred during the t e s t . 
3.**. Conclusions 
In conclusion, i t can be accepted that coarse c o l l i e r y d i s c a r d s 
e x h i b i t curved f a i l u r e envelopes. The amount of curvature i s dependent 
upon the amount of p a r t i c l e breakdown with i n c r e a s i n g normal s t r e s s . 
T h i s appears to be small with low v o l a t i l e , high rank s p o i l s , where 
2 
the f a i l u r e envelope i s v i r t u a l l y s t r a i g h t over the 0-1000 kN/m 
pressure range. S p o i l s a s s o c i a t e d with bituminous c o a l s , however, 
which have a lower rank (*t00 to 902) and 30 to 50 per cent v o l a t i l e 
matter, e x h i b i t considerable curvature. 
The shape of the Mohr f a i l u r e envelope can be approximated by 
TABLE 3.8 
MINERALOGY OF 0.6 - 1.2mm SIZE FRACTION SAMPLES 
WEIGHT PER CENT 
Gedling K e l l i n g l e y Oakdale O l l e r t o n 
Quartz 26.0 6.0 7.0 19.5 
I l l i t e 41.5 51.0 53.5 61.0 
K a o l i n i t e 11.5 14.0 23.0 13.5 
C h l o r i t e 0.0 0.0 0.0 2.0 
Ankerite 11.0 0.0 1.0 0.0 
J a r o s i t e 0.0 0.0 0.0 0.0 
P y r i t e 1.0 3.0 1.0 0.0 
Coal 9.0 26.5 14.5 5.0 
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TABLE 3.9 
SHEAR PLANE CARBON CONTENT 
Sample Carbon Content (% dry weight) 
Gedling Shear plane 15.8 
Bulk 15.8 
Askern 
Shear plane 8.0 
Bulk 8.0 
B i r c h Coppice 
Shear plane 13.7 
Bulk 12.2 
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t h e e x p r e s s i o n : 
T = m ( c ~ ' ) z 
The p a r a m e t e r s i n t h i s e x p r e s s i o n , m and z , can be a p p r o x i m a t e d 
by means of a l o g - l o g t r a n s f o r m upon t h e f a i l u r e s t r e s s d a t a . Log m 
i s t h e n the y i n t e r c e p t of the r e d u c e d major a x i s l i n e t h r o u g h the 
t r a n s f o r m e d p o i n t s , w h i l e z i s t h e g r a d i e n t of t h i s l i n e . The 
p r a c t i c a l i m p l i c a t i o n s of c u r v e d Mohr f a i l u r e e n v e l o p e s upon 
s t a b i l i t y c a l c u l a t i o n s w i l l be d i s c u s s e d i n C h a p t e r 5* 
T u r n i n g to t h e r e s i d u a l s h e a r s t r e n g t h , i t has been shows t h a t 
t h e d i s p l a c e m e n t a t w h ich r e s i d u a l i s a t t a i n e d i s dependent upon 
the normal s t r e s s . As normal s t r e s s i s i n c r e a s e d , l e s s d i s p l a c e m e n t 
i s n e c e s s a r y t o a t t a i n r e s i d u a l . T h i s i s a t t r i b u t e d to the r a t e of 
p a r t i c l e breakdown i n c r e a s i n g v/ith normal s t r e s s . 
The f a c t o r s i n f l u e n c i n g the a c t u a l r e s i d u a l s t r e n g t h a t t a i n e d 
a r e not known v/ith c e r t a i n t y , and f u r t h e r r e s e a r c h on t h i s s u b j e c t 
would be u s e f u l . I t i s t e n t a t i v e l y s u g g e s t e d t h a t q u a r t z c o n t e n t 
and f i n a l g r a d i n g may have a b e a r i n g on t h e outcome, w i t h h i g h q u a r t z 
c o n t e n t s r a i s i n g t h e r e s i d u a l s t r e n g t h , w h i l s t a h i g h degree of 
p a r t i c l e breakdown w i l l l o w e r i t . 
One p o i n t w h i c h a l s o emerges from t h i s s h e a r - b o x work i s t h a t 
the r e v e r s i n g s h e a r - b o x i s a poor means f o r d e t e r m i n i n g the r e s i d u a l 
s h e a r s t r e n g t h of c o l l i e r y s p o i l s below a normal s t r e s s l e v e l o f 
p 
kOQ kN/m . T h i s i s due to m a t e r i a l b e i n g l o s t t h r o u g h the s p l i t 
i n t h e box. An e q u i l i b r i u m i s a t t a i n e d between f i n e s p r o d u c t i o n 
by p a r t i c l e breakdown and t h e i r l o s s , w h i c h g i v e s an a p p a r e n t v a l u e 
of r e s i d u a l s h e a r s t r e n g t h which i s h i g h e r t h a n the a c t u a l v a l u e . 
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CHAPTER k 
FINE DISCARD (TAILINGS/SLURRY) LAGOON DEPOSITS 
k.l I n t r o d u c t i o n 
During the c o a l preparation process, l a r g e q u a n t i t i e s of s o l i d s 
charged water are produced. This water has to be t r e a t e d i n some 
manner to remove the s o l i d s before the v/ater can be e i t h e r r e c y c l e d 
or discharged. Two methods of treatment are i n common use, both 
i n v o l v i n g the ad d i t i o n of a f l o c c u l a n t ( u s u a l l y an e l e c t r o l y t i c 
polymer of some d e s c r i p t i o n ) to a i d sedimentation. I n the f i r s t 
method a r e l a t i v e l y s mall amount o f f l o c c u l a n t i s added and the water 
pumped to a s e t t l i n g pond, known as a lagoon, where the s o l i d s 
sediment out and the clea n supernatant v/ater can be drawn o f f . 
In the other method, considerably moreflocculant i s added, and 
the thickened mud i s p r e s s - f i l t e r e d to remove excess water. The 
r e s u l t i n g blocks, known as "pressed t a i l i n g s " , can then be disposed 
of on a t i p . I t i s with the lagoon deposits formed by the f i r s t 
method that t h i s chapter i s c h i e f l y concerned. 
When a lagoon i s f i l l e d with sediment, there are three p o s s i b l e 
courses of a c t i o n . I t can be abandoned and a new lagoon b u i l t 
elsewhere. I t could a l s o be re-used by excavating the sediments 
and spreading them over the t i p * . F i n a l l y , i t s c a p a c i t y can be 
incr e a s e d by r a i s i n g the lagoon banks p e r i o d i c a l l y . Lagoon banks 
can be r a i s e d by t i p p i n g new bank m a t e r i a l ( coarse d i s c a r d normally) 
e i t h e r upon the upstream s i d e of the old bank ( i . e . over the e x i s t i n g 
lagoon d e p o s i t s ) or on the downstream s i d e . The former method gives 
r i s e to " f i r - t r e e " banks (see Figure 5.17). T h i s has the advantage 
that i t uses l e s s m a t e r i a l than the l a t t e r method. Because of t h i s , 
i t i s much used i n the metal mining i n d u s t r y . However, i t has a 
In some cases, notably with s l u r r i e s , the c o a l content i s 
s u f f i c i e n t l y high for the sediment to be s a l e a b l e . 
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number of d e f e c t s . Saturated f i n e d i s c a r d i s i n c l o s e proximity 
to the toe of the slope, which r e s u l t s i n a high water t a b l e . 
Furthermore, as the new bank m a t e r i a l i s emplaced over the s o f t 
sediments, bearing c a p a c i t y type f a i l u r e s are l i a b l e to occur, 
g i v i n g r i s e to zones of weakness i n the embankment. Hence, i n the 
c o a l mining industry t h i s type of lagoon embankment c o n s t r u c t i o n has 
now been discontinued (McKechnie Thomson and Rodin, 1972) i n favour 
of the downstream method i n which compaction can be used e f f i c i e n t l y . 
The supply of coarse d i s c a r d from the c o l l i e r y i s g e n e r a l l y s u f f i c i e n t 
for t h i s form of c o n s t r u c t i o n . 
Figure 4.1 shows a t y p i c a l lagoon, v/ith downstream c o n s t r u c t i o n 
of the banks. The coarser sediments u s u a l l y s e t t l e out c l o s e to 
the i n l e t , b u i l d i n g up a beach. The top surface of sediment tends 
to become dished due to d i f f e r e n t i a l settlement. In the centre of 
the lagoon there i s a greater t h i c k n e s s of deposit than over the 
banks, thus the centre of the deposit can consolidate under i t s 
own weight to a greater extent than that over the banks, which are 
r e l a t i v e l y incompressible (Hughes and Windle, 1976). I t i s considered 
good p r a c t i c e to i n c r e a s e t h i s d i s h i n g e f f e c t , and to spread the i n l e t 
beach round the lagoon by p e r i o d i c a l l y moving the s i t e s of the i n l e t 
and o u t l e t (McKechnie Thomson and Rodin, 1972). Hov/ever, i n the c o a l 
mining i n d u s t r y , t h i s i s r a r e l y done, the r e s u l t s not being considered 
worth the e x t r a work involved. 
The dished p r o f i l e r e s u l t s i n water being trapped i n the centre 
of the lagoon, which i s consequently n e a r l y always wet. However, the 
m a t e r i a l near the banks d r i e s out o c c a s i o n a l l y , g i v i n g r i s e to 
d e s i c c a t i o n and increased s t r e n g t h . I t a l s o gives r i s e to perched 
water t a b l e s v/hen the lagoon i s reflooded (Hughes and Windle, 1976). 
Ov/ing to the r e s t r i c t e d areas a v a i l a b l e for t i p p i n g d i s c a r d 
near most c o l l i e r i e s , i t may w e l l become necessary to o v e r t i p disused 
lagoons with coarse c o l l i e r y d i s c a r d . V/hen t h i s operation i s put 
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into p r a c t i c e , i t i s obviously d e s i r a b l e to know how the f i n e 
d i s c a r d sediment w i l l behave. T h i s i n v o l v e s p r i m a r i l y a knowledge 
of the c o n s o l i d a t i o n and shear s t r e n g t h parameters. The amount of 
c o n s o l i d a t i o n that can occur may, with deep lagoons overtipped by 
weak s p o i l s (e.g. Gedling), be enough to reduce the shear s t r e n g t h 
of a volume of s p o i l to r e s i d u a l shear strength over the zone of 
d i f f e r e n t i a l settlement between r e l a t i v e l y incompressible banks and 
the compressible lagoon deposits * (see Chapter 5.3-3). The r a t e 
of c o n s o l i d a t i o n w i l l depend on the permeability of the lagoon 
sed i m e n t s , i t s banks and i t s foundation. Upon these f a c t o r s w i l l 
depend the degree of excess pore pressure generated, and hence the 
amount of shear strength mobilised by the d e p o s i t s . 
4.1.2. P h y s i c a l and Mechanical p r o p e r t i e s of lagoons 
4.1.2.1.Grading and s t r u c t u r e 
From the data given i n National Coal Board, 1972, i t can be 
seen that the o v e r a l l grading of lagoon deposits i s very v a r i a b l e , 
ranging from s i l t y sands to clayey s i l t s . T h i s i s mainly due to the 
segregation which often occurs i n the lagoon. The s l u r r y and t a i l i n g s , 
as discharged, u s u a l l y contain roughly equal proportions of s i l t and 
sand, and some 10-20 per cent of c l a y s i z e p a r t i c l e s . When the 
gradings for lagoon o u t l e t area samples from West V i r g i n i a given by 
Busch et a l (1975) are compared with samples from s i m i l a r l o c a t i o n s 
i n B r i t i s h lagoons, the gradings can be seen to be s i m i l a r , i . e . they 
are both clayey s i l t s . I t i s of i n t e r e s t to compare f i n e c o l l i e r y 
d i s c a r d with s i m i l a r waste from some other e x t r a c t i o n i n d u s t r i e s . 
(Figure 4 . 2 ) . Fine c o l l i e r y d i s c a r d proves to have a wider range of 
g r a i n s i z e than e i t h e r the metaliferous mine t a i l i n g s given by 
Pettibone and Kealy (1971) or the micaeous residue from China c l a y 
* In t h i s work the p o s s i b l e development and e f f e c t s of l i q u e f a c t i o n 
have not been considered to any degree. 
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e x t r a c t i o n (China Clay A s s o c i a t i o n , 1971). The coarser bound of 
the grading curves are s i m i l a r i n a l l three c a s e s . However, the 
f i n e s t f i n e c o l l i e r y d i s c a r d gradings are considerably f i n e r than 
the other two r e s i d u e s . 
As s t a t e d above, p a r t i c l e grading can vary a c r o s s a lagoon 
from i n l e t to o u t l e t . However, t h i s does not always occur 
(McKechnie Thomson and Rodin, 1972). In r e s e r v o i r sedimentation , 
coarse p a r t i c l e s sediment out f i r s t , becoming p r o g r e s s i v e l y f i n e r 
towards the o u t l e t , (Barland, 1971). Fine c o l l i e r y d i s c a r d s e d i -
mentation c h a r a c t e r i s t i c s , are, however, complicated by the f a c t 
that i t c o n s i s t s of m a t e r i a l s of widely d i f f e r i n g s p e c i f i c g r a v i t i e s 
namely c o a l and s h a l e * . The nature of the deposits i s a l s o a f f e c t e d 
by the r a t e of inflow, i t s s o l i d s content and p e r i o d i c i t y . In f a c t , 
where samples from lagoons have been taken they show considerable 
v a r i a t i o n . According to McKechnie Thomson and Rodin ( 1 9 7 2 ) , they range 
from high l y s t r a t i f i e d , a l t e r n a t i n g l a y e r s of coarse and f i n e l a y e r s 
to poorly s t r a t i f i e d , v i s u a l l y homogenous deposits. The l a y e r 
t h i c k n e s s v a r i e s from 1 to over 150mm. Considering that c o l l i e r y 
lagoons might be considered as a d e l t a i c environment i t i s perhaps 
s u r p r i s i n g that c r o s s bedding, which i s so common i n d e l t a s , has 
not been recorded. T h i s could be due to the l a c k of a s u i t a b l e 
l i g h t e r coloured bedding marker than to t h e i r a c t u a l absence. 
S p e c i f i c g r a v i t y of c o a l i s approximately 1.3 
S p e c i f i c g r a v i t y of sha]e i s approximately 2.3 - 2.6 
153 
4.1*2.2. Shear Strength 
The drained shear strength of lagoon deposits i s v a r i a b l e , 
with 0 ranging from 21.5 to 39 degrees; i n c o n t r a s t to coarse 
d i s c a r d s , the West V i r g i n i a n f i n e d i s c a r d s , with 0 values of 
20 - 35 degrees (Busch et a l 1975) are s l i g h t l y weaker than the 
B r i t i s h m a t e r i a l s . They are a l s o considerably weaker than t h e i r 
coarse d i s c a r d s , whereas for B r i t i s h f i n e d i s c a r d s , four out of . 
the s i x cases c i t e d by McKechnie Thomson and Rodin (1972) were 
stronger than t h e i r corresponding coarse d i s c a r d . In the three cases 
where comparisons were made, there was no s i g n i f i c a n t d i f f e r e n c e i n 
s t r e n g t h between i n l e t and o u t l e t ends. The high c o a l content of 
lagoon deposits (commonly 30-40 per cent) i s the probable cause of 
t h e i r high shear strength, counterbalancing t h e i r f i n e grading. 
Taylor (1974b) showed a p o s i t i v e c o r r e l a t i o n between co a l content 
and peak shear s t r e n g t h for coarse d i s c a r d , and i t i s probable that 
a s i m i l a r r e l a t i o n holds for f i n e d i s c a r d s . 
In terms of undrained strength, a l a r g e number of vane t e s t s 
have been performed upon lagoon d e p o s i t s . These show a wide s c a t t e r 
of r e s u l t s although s t r e n g t h g e n e r a l l y i n c r e a s e s with depth (McKechnie 
Thomson and Rodin 1972). Vane t e s t r e s u l t s w i l l be considered i n 
greater d e t a i l i n S e c t i o n 4.4. 
4.2. F i e l d and laboratory i n v e s t i g a t i o n s of lagoon deposits 
4.2.1. Gadeby 
4.2.1.1. S i t e sampling 
At Cadeby c o l l i e r y , near Doncaster (see Figure 1.1) s e v e r a l 
samples were c o l l e c t e d from Lagoons 8 and 9 at a period when the 
l a t t e r lagoon was being excavated. F i g u r e 4.3 shows the sampling 
p o s i t i o n s . Nine bulk samples were taken from the 4.1m face at the 
p o s i t i o n marked with a c r o s s i n Lagoon 9» These samples were 
ext r a c t e d from a v e r t i c a l s e c t i o n and are l a b e l l e d 1 to 9 in Table 4.1. 
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vane operating i n the h o r i z o n t a l mode. Three t r a v e r s e s were 
c a r r i e d out at horizons corresponding to v e r t i c a l samples 3 t5 and 
7. The t r a v e r s e s were i n a n o r t h - e a s t e r l y d i r e c t i o n , moving roughly 
along the s t r i k e of the laminations and o b l i q u e l y away from the f i n a l 
i n l e t ( F i g u r e l+.3)» 
For the c o n s o l i d a t i o n t e s t s , four 'undisturbed' p i l l a r samples 
of 0.3m x 0.3m x 0.3m (0.027m ) were ex t r a c t e d from Lagoon 9. Three 
of these samples were from the v i c i n i t y of the f i n a l i n l e t p o s i t i o n , 
and one (Sample D) from the o u t l e t end of the lagoon. In a d d i t i o n 
four UlOO's were e x t r a c t e d from Lagoons 8 and 9. One of these 
(Number k on Figure ^.3) penetrated the lagoon embankment. 
*f.2.1.2. S t r a t i f i c a t i o n of Lagoon 8 
Before considering the p r o p e r t i e s of the deposits from Lagoon 9 
i t i s p e r t i n e n t to r e f e r to the complex nature of the sediments. 
A U100 sample from Lagoon 8 was obtained by pressing a double U100 
tube in t o the deposit. The sample rep r e s e n t s the bottom s e c t i o n of 
the double tube, i . e . base l e v e l approximately 0.9m below the s u r f a c e 
of the lagoon. After extruding the sample i t was cut l o n g i t u d i n a l l y 
by means of a cheese wire. Well defined laminations enabled the 
specimen to be divided up i n t o 27 s e c t i o n s ( F i g u r e k.k). These 
laminae vary from 5 to 59 mm t h i c k and show w e l l marked graded 
bedding, i . e . the p a r t i c l e s i z e of the bases of the i n d i v i d u a l laminae 
are coarser than t h e i r tops. 
Moisture content and f u l l major element and organic carbon 
determinations were c a r r i e d out on a l l sub-samples and m i n e r a l o g i c a l 
analyses on a r e p r e s e n t a t i v e s e l e c t i o n of them. L i q u i d and P l a s t i c 
l i m i t s were then obtained for the t h i c k e r laminae, and for 
combinations of any two adjacent thinner laminae. The l a t t e r r e s u l t s , 
together with n a t u r a l moisture content values and organic carbon 
contents are shown i n Figure ^.^b. 
The r e s u l t s demonstrate a number of p e r t i n e n t points which are 
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no doubt common to many s t r a t i f i e d lagoons, v i z : 
1) S t r a t i f i c a t i o n of the deposits does not exclude high organic 
carbon contents i n apparently a r g i l l a c e o u s l a y e r s . The range 
I n t h i s case i s from 25.88 per cent to 75-72 per cent, with a 
mean of 'H.01 per cent. 
2) Natural moisture contents w e l l i n excess of the l i q u i d l i m i t 
i n f e r that most of the l a y e r s could flow under g r a v i t y as a 
vi s c o u s f l u i d * . Wimpey r e s u l t s ( L ocation F l , Lab. Report 
S/10190, 197*0 confirm that t h i s s t a t e p e r t a i n s to depths of 
over 2.30m. Busch et a l (1975) have shown that a s i m i l a r 
s i t u a t i o n i s found i n West V i r g i n i a n t a i l i n g s lagoons. 
3) Although organic carbon contents are very high indeed ( Table ^.2) 
i t i s c l e a r that l i m i t determinations are s t i l l f e a s i b l e i n most 
l a y e r s . T h i s suggests that much of the carbon must be i n a very 
f i n e l y d i vided s t a t e indeed. L i m i t s that were determined by 
Messrs Wimpey are of the same general order. 
k) The m i n e r a l o g i c a l composition, ignoring p y r i t e and c o a l , 
(Table ^.3) shows that the shale portion of the deposits does 
not vary g r e a t l y i n composition. K a o l i n i t e does seem to i n c r e a s e 
s l i g h t l y at the expense of i l l i t e i n the higher portions of the 
core (Layer 7 and above). T h i s l a c k of l a r g e s c a l e v a r i a t i o n 
i s a l s o shown by the major element geochemistry (Table k.2) as 
do the l i q u i d and p l a s t i c l i m i t s . 
5) The element oxide/alumina r a t i o s are shown i n Table The 
higher l i ^ O ^ , CaO and MgO r a t i o s are g e n e r a l l y compatible with 
the higher organic carbon ( c o a l y ) l a y e r s . When sulphur i s a l s o 
high t h i s suggests that p y r i t e (from the c o a l ) i s enhancing the 
Fe^O^ r a t i o s . P y r i t e was detected (up to 2l,L) i n a l l the 
m i n e r a l o g i c a l a n a l y s e s . High CaO and MgO r a t i o s i n d i c a t e that 
* T h i s was noted to be a c t u a l l y happening during the e x t r a c t i o n of 
the U100 i n the f i e l d . 
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carbonates and probably gypsum are a l s o a s s o c i a t e d with the c o a l 
f r a c t i o n as clea.t m i n e r a l s . 
4.2.1.3. I n s i t u shear s t r e ngths 
In order to a s c e r t a i n the l a t e r a l and v e r t i c a l v a r i a t i o n i n 
i n s i t u s trength, three P i l c o n hand vane t r a v e r s e s were conducted, 
as described i n Section 4.2.1.1. 
From the r e s u l t s i n Table 4.1 two f e a t u r e s are apparent, 
a) there i s an i n c r e a s e i n strength v/ith depth and b) the l a t e r a l 
change i n s t r e n g t h suggests that s t r e n g t h i s decreasing i n a north 
e a s t e r l y d i r e c t i o n i . e . away from the f i n a l i n l e t p o s i t i o n . 
V/hile i t i s p o s s i b l e that the r e l a t i v e strength d i f f e r e n c e s are 
fu n c t i o n s of moisture content and g r a i n s i z e , there i s probably 
s u f f i c i e n t s i m i l a r i t y i n moisture content and consistency l i m i t s 
between l a y e r s 3 and 5 to accept that the i n c r e a s e i n strength 
with depth i s a r e a l one. The s u b j e c t of vane shear strengths i n 
lagoons w i l l be discussed i n greater d e t a i l i n S e c t i o n 4.4. 
4.2.1.4. The v e r t i c a l bulk sample sequence 
The nine bulk samples from the exposed face ( F i g u r e 4.3) were 
analysed f o r n a t u r a l moisture content, p a r t i c l e s i z e d i s t r i b u t i o n , 
c o n s i s t e n c y l i m i t s , organic carbon ( c o a l y m a t e r i a l s ) and s p e c i f i c 
g r a v i t y . 
The grading curves ( F i g u r e 4.5) and grading parameters (Table 4.1) 
show that only three samples (3»4 and 5) have appreciable s i l t content. 
Samples 3 and 4 contain more than 15 per cent c l a y s i z e p a r t i c l e s , 
the remaining specimens having l i t t l e or no c l a y s i z e f r a c t i o n . 
Consistency l i m i t determinations were only f e a s i b l e for the 
three samples mentioned above and i t i s of i n t e r e s t that these samples 
a l s o have the highest n a t u r a l moisture contents. 
Perhaps the most s t r i k i n g f e a t u r e of these deposits i s the high 
organic carbon content, which shows a reasonable c o r r e l a t i o n with 
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MINERALOGY OF CADEBY LAGOON 8 
WEIGHT PER CENT 
Mineral Sample 
2 5 7 11 15 17 21 25 
Quartz 10.5 7.5 8.0 8.0 10.0 10.0 5.0 6.5 
I l l i t e * 42.0 43.5 28.0 44.0 50.0 43.5 48.5 35.0 
K a o l i n i t e 10.0 8.5 7.0 5.5 9.0 6.5 5.0 6.0 
P y r i t e 1.0 1.0 0.5 1.0 1.0 1.0 1.0 1.0 
Coal 36.0 39.5 56.0 41.5 30.0 38.5 40.0 51.5 
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coaly m a t e r i a l must be i n a very f i n e l y divided s t a t e , as there i s 
no c o r r e l a t i o n with the grading or l i m i t s . The c o r r e l a t i o n c o e f f i c i e n t 
betv/een carbon content and s p e c i f i c g r a v i t y i s 0.900 however, 
i n d i c a t i n g a highly s i g n i f i c a n t ( g r e a t e r than99.9 per cent p r o b a b i l i t y ) 
c o r r e l a t i o n between these two v a r i a b l e s . T h i s i s not an altogeth e r 
s u r p r i s i n g r e s u l t , c o n s i d e r i n g the wide v a r i a t i o n i n s p e c i f i c g r a v i t y 
of the two p r i n c i p a l c o n s t i t u e n t s , c o a l and shale (see Section 4.1.2.1.). 
Using the reduced major a x i s f i t to the data shown i n Figure 4.6, an 
estimate of the s p e c i f i c g r a v i t i e s of the c o a l and shale at Cadeby 
may be made. Assuming a carbon content of zero, i . e . pure s h a l e , 
the s p e c i f i c g r a v i t y would be 2.4, while with a carbon content of 
one hundred per cent, i . e . pure c o a l , the s p e c i f i c g r a v i t y i s 1.2. 
These values agree reasonably w e l l with the approximate values quoted 
i n S e ction 4.1.2.1. of 2.3 to 2.6 ( s h a l e ) and 1.3 ( c o a l ) . 
4.2.1.5. Laboratory shear strength t e s t s 
E f f e c t i v e shear s t r e n g t h parameters were determined on the 
foll o w i n g : -
1) Remoulded sample of m a t e r i a l from block samples A and C 
(Figu r e 4.2). Peak and r e s i d u a l shear s t r e n g t h parameters were 
determined i n a 0.3 x 0.3m shear-box and should provide informa-
t i o n on the 'average' e f f e c t i v e s t r e n g t h parameters. 
2) A coaly undisturbed sample from a U100 (No. 1 , Figure 4 . 2 ) . 
Peak shear s t r e n g t h parameters only determined i n a 60 x 60mm 
shear box. 
3) Fine grained 'clayey• specimen from block sample D (Figure 4 . 2 ) . 
Peak and r e s i d u a l shear s t r e n g t h parameters determined i n a 
60 x 60mm shear box. 
The r e s u l t s (Figure 4.7) imply that the coaly m a t e r i a l enhances 
shear s t r e n g t h (e.g. coaly specimen, 0'= 32.3°) w h i l s t the 'average' 
shear s t r e n g t h i s only 0 1 = 21.9, c ' = 13*2 kN/m over the greater 
part of the range, or 0 1 = 31.5° at a normal s t r e s s of l e s s than 
I 6 * f . 
2 100 kN/m . I t i s of i n t e r e s t to note that the shear s t r e n g t h had 
not dropped measurably a f t e r a f u r t h e r displacement of 2.56m. 
The f i n e r grained, u n d i s t i r b e d block D ma t e r i a l gave a peak 
str e n g t h of 0f = 23-8°, c' = 8.k kN/m2, which dropped to 0 = 20° 
at r e s i d u a l (0.25m t o t a l displacement). I n both cases the f a c t that 
the r e s i d u a l values are not markedly lower than the peak s t r e n g t h 
could be i n l i n e with the near normally-consolidated s t a t e of the lagoon 
de p o s i t s . However, the c o a l content i s probably equally as important. 
Wimpey t e s t s c a r r i e d out on some Lagoon 8 m a t e r i a l s r e v e a l some 
i n t e r e s t i n g f e a t u r e s . A l l t h e i r t r i a x i a l t e s t data have been 
processed to give a composite p i c t u r e ( F i g u r e ^ . 8 ) . The specimens 
would appear to be very s i m i l a r to the laminated core of Figur e h.k&. 
By computing the 'best f i t 1 to the e f f e c t i v e Mohr c i r c l e s , the shear 
s t r e n g t h parameters that emerge are not g r e a t l y d i f f e r e n t to those 
of Lagoon 9» i . e . c ' = 12.2 kN/m2, 0% = 2k.5°. 
^f.2.1.6. Rowe C e l l c o n s o l i d a t i o n t e s t s 
Four block (0.3 x 0.3 x 0.3m p i l l a r ) samples were ex t r a c t e d from 
c l o s e to the s u r f a c e of Lagoon 9» a t the l o c a t i o n s shown i n F i g u r e A-.2. 
Three of the samples (A, B and C) were c l o s e r to the f i n a l i n l e t than 
the fourth ( D ) . The samples were subjected to c o n s o l i d a t i o n t e s t s 
using a 2^kmm diameter Rowe c e l l under back pressured, s i n g l e 
drainage c o n d i t i o n s . As f a r as i s known these were the f i r s t 
samples from c o l l i e r y lagoons to be t e s t e d i n the l a r g e s i z e Rowe 
c e l l . 
^.2.1.7. Sample composition 
The three i n l e t zone samples, A. B and C, were a l l laminated 
though not on such a small s c a l e as the Lagoon 8 core. P a r t i c l e 
s i z e d i s t r i b u t i o n s (Figure '+.5) show that the three specimens are 
s i m i l a r i n grading to the coarser bulk samples of the v e r t i c a l 
s e c t i o n , which, of course, a l s o came from the i n l e t end of the 
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sample taken from the lagoon with the exception of the U100 sample 
No. k from c l o s e to the bank. Both of these samples were v i s u a l l y 
homogenous. 
I n terms of m i n e r a l o g i c a l composition (Table 4.5) a l l samples 
are r i c h i n micaceous minerals ( i l l i t e and mixed l a y e r c l a y ) , with 
block sample B having a p a r t i c u l a r l y high content of the l a t t e r 
expandable component. A l l samples are again very high i n organic 
carbon content, e s p e c i a l l y sample C. Although sample D i s f i n e r 
grained than the others i t s l i m i t s are very s i m i l a r to the more 
s i l t y s e c t i o n of sample A, which a l s o had a coaly band incorporated 
i n i t - see l i m i t s (Table ^.5)* Although the samples were taken 
from near the surface of the lagoon there was no evidence of weathering 
and i t i s concluded that the small gypsum component i n the three 
' i n l e t ' samples o r i g i n a t e d from the included c o a l , i t being a 
c l e a t mineral, as found i n the Y o r k s h i r e Main i n v e s t i g a t i o n of 
Spears, Taylor and T i l l (1971). 
4.2.1.8. Consolidation t e s t s 
The c o n s o l i d a t i o n t e s t s were c a r r i e d out i n a 254mm diameter 
Rowe c e l l with s a t u r a t i o n by back-pressure, as s t a t e d above. The 
system i s shown i n Figure 1.3* C e r t a i n problems were experienced 
with the c e l l at low p r e s s u r e s , due to f r i c t i o n w i t h i n the apparatus. 
This l e d to the log Pressure a g a i n s t voids r a t i o ( l o g P - e) curves 
( F i g u r e 4.9) being kinked at low p r e s s u r e s i n the cases of samples 
B, C and D. 
The l o g Pressure-voids r a t i o ( l o g P-e) curves of Figure '+.9 
represent samples A, C and D with laminations i n the h o r i z o n t a l 
plane, w h i l s t sample B was o r i e n t a t e d with the laminations as near 
v e r t i c a l as p o s s i b l e . Also shown i s the curve for a conventional 
(?6.2mm diameter) oedometer t e s t on sample D, which shows good 
c o m p a t i b i l i t y at high pressures but divergence at low p r e s s u r e s . 
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The i n i t i a l voids r a t i o of the oedometer specimen i s much lower 
than the Rowe c e l l sample. This i s probably because of:-
a) The oedometer sample came from an horizon i n the p i l l a r sample 
v/hich v/as c l o s e r to the o r i g i n a l lagoon s u r f a c e than was the 
Rowe c e l l sample. Thus the oedometer specimen would have been 
d e s i c c a t e d to a greater extent than the Rowe c e l l sample. 
b) The oedometer sample i s of l i m i t e d t h i c k n e s s and very 
s u s c e p t i b l e to disturbance when being prepared and placed i n 
the oedometer. 
The P-e curves demonstrate that the voids r a t i o of the two 
samples with the highest i n i t i a l volumes (samples A and G) are s t i l l 
e l evated at maximum loading. The very coaly sample (C) does not 
d i s p l a y a marked l i n e a r normal c o n s o l i d a t i o n curve and i t i s c l e a r 
that rebound i s minimal for t h i s coaly m a t e r i a l . 
I t i s a l s o apparent that a l l the samples are over-consolidated 
to a c e r t a i n degree, which i n d i c a t e s a c e r t a i n amount of d e s i c c a t i o n i 
because they have not been subject to any surcharge during t h e i r 
h i s t o r y . 
The c o n s o l i d a t i o n parameters (Table *t-.6) r a i s e a number of 
important questions regarding the behaviour of lagoon deposits, 
as w e l l as demonstrating major d i f f e r e n c e s between Rowe c e l l and 
conventional oedometer t e s t s . 
The coarse grained, laminated samples (A, B and C) gave 
c o e f f i c i e n t s of c o n s o l i d a t i o n ( c v ' s ) of between 290 and 1323m /hr 
on the l i n e a r portions of the P-e curves. From the graphs of c^ 
against pressure, shown on Figure ^.10, i t can be seen that, f or 
these three samples, the value of c r i s e s to a peak around 
2 
300 kN/m and then f a l l s away r a p i d l y . A normal - pressure 
graph (e.g. Figure 27.5, Lambe and Whitman, 1969) s t a r t s with 
high values of c which then drop r a p i d l y but may r i s e s l i g h t l y 
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TABLE 4.6a 
CADEBY LAGOON 9 
Block A 
Hor i z o n t a l bedding S.G. 1.93 
I n i t i a l dry density 0.800 Mg/m^  
F i n a l dry density 0.951 Mg/m 
Pressure Voids Ratio m 
? v Cc Cv K 
1 
(m /MN) (ra /YR) (m/sec) 
0 1.412 - - - -
30 1.299 1.558 - 390.8 1.89 x 10" 7 
55 1.258 0.717 -0.157 442.4 9.86 x 10' 8 
110 1.166 0.715 -0.306 455.7 1.05 x 10~ 7 L i n e a r 
220 1.079 O.366 -0.289 902.4 1.03 x 10" 7 S e c t i o n 
440 0.989 0.197 -0.300 684.8 4.20 x 10" 8 
850 0.890 0.122 -0.348 366.6 0 1.39 x 10 
200 0.919 0.024 -0.047 
Un-
100 0.933 0.071 -0.045 - - loading 
0 1.029 0.502 -0.032 - - c y c l e 
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Block B 
V e r t i c a l bedding 
I n i t i a l dry density 


































































4.83 x 10 -7 
1.17 x 10 






4.70 x 10 
7.4? x 10 
3.52 x 10 
8.06 x 10" 9 
-8 
L i n e a r 
S e c t i o n 
Un-
f loading 





I n i t i a l dry density 




Pressure Voids Ratio P m v Cc _Cv K 
(kN/m2) (m Am) (m /YR) (m/sec) 
0 1.488 - - - -
10 1.477 0.404 - - -
20 1.449 1.129 -0.093 135.0 
0 
6.49 x 10 
37.5 1.429 0.450 -0.071 383.9 5.38 x 10 " 
75 1.395 0.381 -0.115 375.4 4.45 x 10" 8 
150 1.3^7 0.212 -0.127 609.9 0 4.02 x 10 
300 1.300 0.159 -0.136 1002.0 4.95 x 10" 8 
600 1.227 0.106 -0.242 1323.0 4.35 x 10" 8 
1200 1.126 0.075 -0.334 512.3 1.20 x 10" 8 
120 1.164 0.016 -0.037 - -
12 1.182 0.077 -0.018 - -
0 1.189 0.274 - - -
Un-
loading 
' c y c l e 
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TABLE 4.6d 
Block D 254mm diameter sample 
Clay, H o r i z o n t a l bedding S.G. I.96 
I n i t i a l dry density 0.949 Mg/m 
F i n a l dry density 1.200 Mg/m 






0 I.O65 - - - -
9.4 1.061 0.217 - - -
18.75 0.884 9.187 -0.590 27.36 7.82 X 10- 8 
37.5 0.843 1.166 -0.137 1.43 5.20 X 10- 1 0 
75 0.764 1.135 -0.260 4.39 1.55 X 10- 9 
150 0.700 0.485 -0.213 8.53 1.29 X I D " 9 
300 0.635 0.253 -0.214 13.39 1.05 X 10" 9 
600 0.576 0.122 -0.199 18.13 6.87 X 10- 1 0 
1200 0.513 O.O67 -0.209 41.53 8.60 X 10- 1 0 
120 0.549 0.022 -0.36 - -
12 0.595 0.278 -0.047 - -
0 0.634 2.000 - - -
L i n e a r 
S e c t i o n 
Table 4.6e 
Block D 76.2mm diameter sample 
S p e c i f i c G r a v i t y 1.96 
I n i t i a l dry density 1.057 Hg/m 











1.52 0.854 - - - -
10.98 0.815 2.193 -0.037 5.21 3.55 X 10" 9 
20.45 0.790 1.470 -0.094 1.56 7.13 x 10' 10 
39.37 0.761 0.873 -0.104 2.51 6.83 X 10" 10 
77.22 0.726 0.521 -0.119 4.38 7.10 X 10" 10 
152.92 O.685 0.311 -0.137 3.54 3.43 X 10" 10 
304.31 0.637 0.189 -0.161 4.33 2.54 X 10" 10 
607.10 0.575 0.125 -0.206 9.11 3.54 X 10" 10 
1210.31 0.509 0.070 -0.222 8.100 1.83 X 10" 10 
1.52 0.629 0.066 -0.041 - -
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at high p r e s s u r e s . While the shape of the current s e r i e s of c^-p 
curves might be c h a r a c t e r i s t i c of lagoon i n l e t m a t e r i a l s , i t i s 
probably a r e s u l t of f r i c t i o n i n the apparatus l i m i t i n g the spead 
of c o n s o l i d a t i o n , by which i s c a l c u l a t e d , at the lower p r e s s u r e s . 
The f i n e grained, homogenous, sample D m a t e r i a l shows 
i 
c o nsiderably lower c^ s, v/hich follow the normal pattern with 
i n c r e a s i n g pressure, i . e . f a l l i n g then r i s i n g again. I t i s 
n o t i c e a b l e t h a t , over the range where the e values are s i m i l a r 
2 
( i . e . 300 - 1200 kN/m ) the c v of the l a r g e 25^ mm diameter sample 
i s from 2 to k times l a r g e r than the c^ of the s m a l l sample. T h i s 
i s due to the d i f f e r e n c e i n s i z e of the samples (Rowe and Barden, 
1966). 
Although i t i s d i f f i c u l t to make comparisons between samples 
with such d i f f e r e n t log P-e curves (except samples B and D) i t i s 
p o s s i b l e to make a comparison betv/een c v ' s at approximately s i m i l a r 
voids r a t i o s : -
e.g. Sample A e = O.89 c y = 36?m / y r 
2 
Sample B e = 0.86 c y = 477m / y r 
2 
Sample D e = 0.88 c v = 27m / y r 
2 
Sample A e = 1.17 c v = if56ra / y r 
2 
Sample C e = 1.13 c v = 512m / y r 
From t h i s i t i s obvious that the f i n e - g r a i n e d , s i l t y specimen 
(D) c o n s o l i d a t e s f a r slower than the c o a r s e r , laminated ones. T h i s 
i s as one would expect. Even though the f i n e r p a r t s of the laminated 
specimens may be of s i m i l a r grading to sample D, t h e i r aggregate 
t h i c k n e s s i s much l e s s , thus causing l e s s impediment to water flow. 
What i s perhaps more s u r p r i s i n g i s the l a c k of s i g n i f i c a n t d i f f e r e n c e 
i 
i n c^ s between the samples consolidated with laminations h o r i z o n t a l 
( i . e . with v/ater draining v e r t i c a l l y a c r o s s the laminations) and the 
one with v e r t i c a l laminae ( i . e . with water dr a i n i n g along the 
l a m i n a t i o n s ) . I t would seem that the l a t t e r sample should d r a i n 
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much more r e a d i l y , s i n c e a l l the coarse l a y e r s could be expected 
to act as d r a i n s . An examination of F i g u r e s 4.11(a) and (b) 
provides a probable explanation. I n the h o r i z o n t a l sample C 
(Figure 4.11b) the i n d i v i d u a l laminae can be seen to be l e n s o i d 
i n shape, so that the coarse p a r t s of the d i f f e r e n t laminae 
commonly impinge on one another, thus g i v i n g an easy passage f or 
water i n a v e r t i c a l as w e l l as h o r i z o n t a l d i r e c t i o n . Thus the 
ma t e r i a l i s e f f e c t i v e l y i s o t r o p i c . I n sample C, the s i l t / c l a y 
l a y e r s are much thinner than i n sample B (Figure 4.11(a)) thus 
g i v i n g the former the higher c^. 
I t can be seen from Figure 4.11(a) that the laminations can 
be very contorted. The contortion v i s i b l e i n Figure 4.11(a) 
corresponds to the " i n t r a f o r m a t i o n a l recumbent f o l d " type of 
contorted lamination of McKee et a l (1962). They are very common 
i n deltaic deposits (Coleman and Gagliano, 1965). Contorted 
laminations on a l a r g e r s c a l e could be seen i n the excavated face 
of the lagoon (Figure 4.12). 
Wimpey C e n t r a l L a b o r a t o r i e s c a r r i e d out f i v e oedometer t e s t s 
on Lagoon 8 m a t e r i a l s from p o s i t i o n F l on Figure 4.3. (Wimpey 
Report S/10190, 1974). As d e t a i l s of the grading and s t r u c t u r e 
are scanty, i t i s not p o s s i b l e to compare them p r e c i s e l y with the 
r e s u l t s given above. The voids r a t i o s (see Figure 4.13) were 
i n i t i a l l y i n the range 0.74 - 0.84 compared to 0.92 - 1.49 for 
2 
Lagoon 9. At 430 kN/m these values have dropped to 0.6l to 
0.73 and 0.6 to 1.26 r e s p e c t i v e l y . The reduced i n i t i a l voids r a t i o s 
of the Lagoon 8 m a t e r i a l (compared to Lagoon 9) might be due to 
disturbance during d r i v i n g of U100 sampling tubes. 
Average c o e f f i c i e n t s of c o n s o l i d a t i o n f or the Lagoon 8 t e s t s 
are i n the range 8 to over 80 m / y r . These values are much lower 
than those f or samples A, B and C, but i n the same order as Sample 
D from Lagoon 9. C o e f f i c i e n t s of volume c o m p r e s s i b i l i t y (m ) i n 
the comparable s t r e s s range are of the order 0.084 to 1.15 m /MN 
for Lagoon 8 and 0.46 to 1.00 m /MN f o r Lagoon 9. 
4.2.1.9. Permeability of the sediment-embankment i n t e r f a c e 
As mentioned i n S e c t i o n 4.2.1.1. a U100 (No. 4 on Figure 4.2) 
was driven through the sediment-embankment i n t e r f a c e . A photograph 
of a s e c t i o n a c r o s s t h i s i n t e r f a c e i s shown i n Figure 4.14. P a r t i c l e 
s i z e a n a l y s e s v/ere c a r r i e d out upon the three s e c t i o n s of the sample 
v i z : Lagoon sediments, Embankment, and I n t e r f a c e . The r e s u l t s are 
shown i n F i g u r e 4.15. They show some i n t e r e s t i n g p o i n t s . Even 
though t h i s part of the lagoon was nearer to the i n l e t than Sample D, 
i t i s f i n e r grained than sample D. The embankment i s very f i n e 
grained for coarse d i s c a r d , even being f i n e r than the s e v e r e l y 
degraded m a t e r i a l from the surface of Gedling t i p ( F i g u r e 2.1.). 
Presumably s o l i d s from the lagoon have been c a r r i e d into the 
embankment. 
Before the sample was analysed for p a r t i c l e s i z e , the 
p e r m e a b i l i t i e s of the three portions were a s c e r t a i n e d . These are 
tabulated i n Table 4.7. They contain some s u r p r i s i n g r e s u l t s . 
Despite the f i n e g r a i n s i z e , the lagoon sample has a s u r p r i s i n g l y 
high p e r m e a b i l i t y of 10 ^m/s. This compares with values of 
5 8 
10 to 10 m/s for i n s i t u p e r m e a b i l i t i e s , as measured by McKechnie 
Thomson and Rodin (1972) i n four lagoons. I t a l s o c o n t r a s t s s t r o n g l y 
-9 
with values of permeability of 10 m/s c a l c u l a t e d for sample D 
from the t e s t s conducted i n the 254mm diameter Rowe c e l l (Table 4 . 6d) . 
T h i s demonstrates how s e r i o u s l y the c o n s o l i d a t i o n t e s t underestimates 
the p e r m e a b i l i t y (and hence c ^ ) , even when large s i z e samples are 
used*. 
* I n comparisons between f i e l d performance of embankments and 
laboratory c o n s o l i d a t i o n t e s t s , the underestimation of c v by 
l a b o r a t o r y c o n s o l i d a t i o n t e s t s has often been remarked upon (Murray 
and Symons, 1974). 
TABLE 4.7 











Embankment 1.63 x 10" 1 2 1.02 x 10" 1 3 3 
Lagoon 4.71 x 10 1.82 x 10" 6 4 
I n t e r f a c e 5.24 x 10" 1 0 1.24 x 1 0 " 1 0 2 
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In marked con t r a s t to the lagoon sediments, the permeability 
-12 
of the embankment, at 10 m/s, i s very low indeed. I n s i t u 
p e r m e a b i l i t i e s of compacted coarse c o l l i e r y d i s c a r d s , as measured 
-4 -9 
by McKechnie Thomson and Rodin (1972) range from 10 to 10 m/s. 
Even allowing f o r the f a c t that l a b o r a t o r y measurements of 
permeability tend to be low compared to i n s i t u t e s t s , the value 
for the Lagoon 9 embankment i s s t i l l low. Presumably the voids 
i n the part of the embankment c l o s e s t to the lagoon have been 
plugged with f i n e s i l t and cla y brought i n by the mud laden waters 
of the lagoon. 
4.2,2. Gedling Lagoon 12 
4.2.2.1. S i t e sampling 
Lagoon 12 i s a disused lagoon upon the West Tip at Gedling. 
At the time of sampling i t had been disused f o r at l e a s t a year. 
One 0.3m x 0.3 x 0.3m p i l l a r sample was e x t r a c t e d from the o u t l e t 
v i c i n i t y and two c y l i n d r i c a l 203mm diameter samples were e x t r a c t e d 
from between the i n l e t and o u t l e t , c l o s e to one of the r e t a i n i n g 
banks. 
4.2.2.2. Sample composition 
S t r u c t u r a l l y the c e n t r a l sample has poorly developed 
laminations, v/ith no w e l l marked change v e r t i c a l l y a c r o s s a 
lamination ( F i g u r e 4.16). The o u t l e t sample i s v i s u a l l y homogenous. 
The bulk grading of the samples i s shown i n Fi g u r e 4.17. I t 
can be seen that both samples are poorly sorted, with the o u t l e t 
sample being the f i n e r grained. This sample, with only 10 per cent 
sand s i z e f r a c t i o n , resembles the c o a r s e s t o u t l e t m a t e r i a l from Denby 
H a l l Lagoon C ( F i g u r e 4.17). Of a l l the samples t e s t e d by Messrs 
Wimpey (National Coal Board, 1972) only some samples from the o u t l e t 
of K i n n e i l lagoon 22/2S are f i n e r grained. These have only 5 per 
cent sand s i z e . 
The Wimpey t e s t s on m a t e r i a l s from the old lagoon on the Ea s t 
T i p at Gedling produced s i m i l a r gradings to the coarser sample from 
Lagoon 12. 
The c e n t r a l sample from Lagoon 12 shows a f a i r l y marked 
v e r t i c a l change i n bulk grading. The two sub-samples which were 
consolidated with a r a d i a l drain came from the top of the main 
sample and are considerably f i n e r grained than the remainder. 
Compared to Cadeby Lagoon 9 (Figure 4.5), the upper part of t h i s 
c e n t r a l sample i s s i m i l a r to sample D, w h i l s t the lower part 
resembles the grading of sample 3 i n the v e r t i c a l sequence. 
In terms of consistency l i m i t s , which are given i n Table 4.10 
the f i n e r grained o u t l e t m a t e r i a l has higher l i q u i d and p l a s t i c 
l i m i t s , as might be expected. The l i m i t s are of the same order as 
those found at Cadeby ( F i g u r e 4.4) and at Gedling old East Tip 
Lagoon (National Coal Board, 1972). 
I n terms of chemical composition (Table 4.8), the organic 
carbon content at 38 per cent, i s at the normal l e v e l for f i n e 
d i s c a r d . The other element oxides are a l s o present i n s i m i l a r 
amounts to the Cadeby samples. The S^O^/Al^O^ r a t i o (Table 4.9) 
i s at the higher end of the range, i n d i c a t i n g a higher quartz 
content than u s u a l , v/hile the low K^O/Al^O^ r a t i o i n d i c a t e s low 
i l l i t e (potassium f e l d s p a r s being present i n very s m a l l amounts 
indeed i n Coal Measures s h a l e s and mudstones of England). The 
c l e a t minerals would appear to be l e s s abundant s i n c e sulphur 
and calcium oxide are lower than for Cadeby. 
4.2.2.3. Consolidation t e s t s 
Four t e s t s were performed on the 0.3 x 0.3 x 0.3mm p i l l a r 
sample from the o u t l e t end. I n three of these a 152mm diameter 
Rowe c e l l was used, a 254mm diameter c e l l being used i n the f o u r t h . 
I n these t e s t s the sample was or i e n t a t e d with the bedding h o r i z o n t a l 
except i n the case of one of the 152mm diameter samples, where i t was 
or i e n t a t e d v e r t i c a l l y . One of the other 152mm diameter samples was 
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TABLE Jf.lO 
GEDLING LAGOON 12 - CONSISTENCY LIMITS 
Sample L i q u i d L i m i t P l a s t i c L i m i t P l a s t i c i t y Index 
Outlet 51 32 19 
Central 27 16 
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was vane tested to determine i t s shear stre n g t h a f t e r being loaded 
2 
to 300 kN/m . This was f o r purposes of c o r r e l a t i o n w i t h the 
f l o c ^ u l a n t / t a i l i n g s t e s t s which w i l l be described l a t e r . The 
con s o l i d a t i o n r e s u l t s f o r these o u t l e t samples are given i n 
Table ^ . l l . ( A - D ) . 
The s i x t e s t s c a r r i e d out on the 203mm diameter samples from 
between i n l e t and o u t l e t were conducted by L. Gould. They consisted 
of four t e s t s i n a 152mm diameter Rowe c e l l and two i n a 76.2mm 
diameter oedometer. I n both Rowe c e l l and oedometer a sample drained 
by A) a sin g l e v e r t i c a l d r a i n and b) a r a d i a l d r a i n was consolidated. 
The other two Rowe c e l l samples consisted of one w i t h both a s i n g l e 
v e r t i c a l d r a i n plus a r a d i a l d r a i n , and the second was s i m i l a r but 
w i t h a sand blanket d r a i n as w e l l ( i . e . double drainage plus r a d i a l 
drainage). The r e s u l t s of these t e s t s are tabulated i n Table *f.l2 
(A-F). 
The l o g pressure-voids r a t i o curves of the specimens from 
the o u t l e t sample (Figure ^ . l 8 ) a r e v i r t u a l l y c o i n c i d e n t . Those 
f o r the c e n t r a l samples (Figure '+.20) show more s c a t t e r , but they 
a l l l i e below those of the o u t l e t specimens. That the coarser 
grained sample has the lower voids r a t i o ( c o n t r a r y to the case at 
Cadeby), i s probably due to the d i f f e r e n c e i n s t r u c t u r e between 
the two lagoons. Gedling has only poorly developed graded bedding 
w i t h the r e s u l t that the voids between the coarser p a r t i c l e s , which 
existed at Cadeby, are f i l l e d by f i n e r p a r t i c l e s . 
Comparing the d i f f e r e n t s i z e d sub-samples, i n the o u t l e t 
sample s e r i e s , there i s no d i f f e r e n c e between 25^mm and 152mm diameter 
lo g P-e r e s u l t s except t h a t the curve f o r the l a r g e r sample i s kinked 
at low pressures. The most l i k e l y cause of t h i s i s f r i c t i o n w i t h i n 
the Rowe c e l l apparatus between the d r a i n spindle and i t s housing 
i n the top part of the c e l l . I n the smaller c e l l , there was a 




Sample Gedling Lagoon 12, o u t l e t end. 254mm diameter 
Sp e c i f i c g r a v i t y 2,02 
I n i t i a l dry density 0.998 Mg/m^  
F i n a l dry density 1.169 Mg/m^  
Pressure 
(kN/m2) 






0 1.024 - - -
9.'+ 1.020 0.21 - -
29.2 O.898 3.06 -0.25 682.6 6.49 X 10- 7 
37.5 0.884 0.90 -0.13 4.S 1.35 X 10- 9 
75 O.838 0.64 -0.15 7.5 1.50 X 10- 9 
150 0.783 0.40 -0.18 17.1 2.14 X 10- 9 
300 0.726 0.21 -0.19 29.5 1.96 X 10- 9 
600 0.668 0.11 -0.19 33.4 1.16 X 10- 9 
1200 0.605 0.06 -0.21 41.5 8.17 X 1 0 - 1 0 
120 0.642 0.02 -0.04 -
12 0.684 0.24 -0.04 -
0 0.729 0.22 - -
Average over l i n e a r 






Sample Gedling Lagoon 12 o u t l e t end, 152.4mm diameter, h o r i z o n t a l 
bedding 
S p e c i f i c g r a v i t y 2.02 
I n i t i a l dry density 0.922 Mg/m^  
F i n a l dry density 1.121 Mg/m^  
Pressure 
(kN/m2) 







0 1.191 - - - -
9.4 0.951 11.63 - 64.1 2.32 X i o - 7 
18.75 0.918 1.86 -0.11 235.6 1.36 X l O " 7 
37.5 0.875 1.18 -0.14 675.3 2.47 X l O - 7 
75 0.829 0.66 -0.15 54.0 1.11 X i o - 8 
150 0.770 0.43 -0.20 22.6 3.02 X 10" 9 
300 0.707 0.24 -0.21 21.9 1.61 X 10" 9 
600 0.645 0.12 -0.21 23.6 8.86 X l o " 1 0 
1200 0.570 0.07 -0.25 25.5 6.02 X l o " 1 0 
120 0.605 0.02 -0.04 - -
12 0.620 0.08 -0.01 - -
0 0.801 9.32 - - -
Average over l i n e a r 




TABLE ^ . l l c 
CONSOLIDATION PARAMETERS 
Sample Gedling Lagoon 12 o u t l e t end, 152.4mm diameter v e r t i c a l 
bedding 
Sp e c i f i c Gravity 2.02 
I n i t i a l dry density 0 .860 Mg/m-
F i n a l dry density 1 .160 Mg/ra3 
Pressure 
(kN/m2) 
Voids Ratio m 





0 1.3^9 - - - -
9.4 0.974 17.0 - - -
18.75 0.948 1.44 -0 .09 576.2 2 .58 x 1 0 " 7 
37.5 0.917 0.84 -0 .10 31.3 8.15 x 1 0 ~ 9 
75 0 .882 0.49 -0 .12 28.6 4.37 x 1 0 " 9 
150 0 .826 0.40 -0.19 27.8 3 . 3 2 x 1 0 " 9 
300 0 .765 0.22 -0 .20 30.2 2 . 09 x 1 0 ~ 9 
600 O.698 0.13 -0.22 43.0 1.68 x 1 0 " 9 
1200 O.63O 0.07 -0 .23 30.4 6.33 x 1 0 * 1 0 
120 O.657 0 . 02 -0 .03 - -
12 0 .693 0 . 20 -0.04 - -
0 0.741 2 . 38 - - -
Average over l i n e a r 
section 0 . 2 1 -0 . 2 1 32.6 1.93 x 1 0 " 9 
Linear 
Section 
TABLE 4 . l i d 
CONSOLIDATION PARAMETERS 
Sample Gedling Lagoon 12 o u t l e t end, 152.4mm diameter sample 
used f o r vane t e s t 
S p e c i f i c g r a v i t y 2.02 
I n i t i a l density 1.021 Mg/nT 
F i n a l dry density 1.094 Mg/m' 
Pressure 
(kN/m2) 





0 0.978 - - - -
9.4 0.952 1.40 - - -
18.75 0.923 1.56 -0.10 254.3 1.24 x 1 0 - 7 
57.5 O.887 1.00 -0.12 568.0 1.77 x 1 0 - 7 
75 0.847 0.57 -0.13 88.7 1.58 x 1 0 - 8 
150 0.797 O.36 -0.17 20.4 2.29 x 10""9 
300 0.740 0.21 -0.19 21.2 1.40 x 10" 9 
120 0.747 0.02 -0.02 - -
12 0.781 0.18 -0.03 - -
0 0.847 3.06 - - -
Average shear s t r e n g t h (kN/m ) 
Peak 
Remoulded 
Before co n s o l i d a t i o n A f t e r c o n s o l i d a t i o n 
m s m s 
20.0 1.7 27.2 0.8 
8.1 0.5 4.8 0.3 
m = mean value 
s = standard d e v i a t i o n 
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152mm and 76.2mm diameter samples, there i s a large d i f f e r e n c e i n 
one case, but not i n the other. I t i s the r a d i a l l y drained 
oedometer sample which has the higher voids r a t i o ( a t s i m i l a r 
pressures). As the oedometer sample i s thinner than the 
lamination thickness i n the bulk m a t e r i a l , i t i s l i k e l y that an 
unrepresentative sample i s being considered, since, although the 
laminations are poor, some f i n i n g upwards does occur i n them 
(see Figure 4.16). 
Convex-upv/ards curvature i s apparent at low pressures, v/hich 
i s probably a f u n c t i o n of desiccation, since these deposits have 
never been subject to a surcharge. 
In these samples the log pressure-voids r a t i o curves are 
close enough together t o make i t possible to compare values of 
c v. Considering f i r s t the o u t l e t sample, graphs of c^ against 
lo g pressure are shown i n Figure 4.19. I t can be seen that at a 
2 
pressure of 75 kN/m , the small Rowe c e l l samples w i t h h o r i z o n t a l l y 
2 
or i e n t a t e d bedding have the highest value of c v(71m / y r ) , v/hile the 
2 
large Rowe c e l l has the lowest value, at 8 m / y r . The small Rowe 
c e l l sample w i t h i t s bedding o r i e n t a t e d v e r t i c a l l y ( i . e . p a r a l l e l 
2 
to the a x i a l s t r e s s ) l i e s between these two at 28 m / y r . As the 
pressure r i s e s , the c ' 3 of the small samples f a l l u n t i l at about 
2 2 125 kN/m they are a l l v i r t u a l l y coincident at 27m / y r . Above 
i 
t h i s pressure, the c v s of the h o r i z o n t a l l y o r i e n t a t e d specimens 
2 2 continue t o f a l l , reaching 22m / y r at 400 kN/m pressure. The 
c v of the v e r t i c a l l y o r i e n t a t e d sample r i s e s , however, reaching 
2 2 35m / y r at 400 kN/m . Meanwhile, the c y of the large Rowe c e l l 
sample has been s t e a d i l y r i s i n g , u n t i l i t reaches a value of 
2 2 
31m yr at 400 kN/m , i . e . higher than the small Rowe c e l l samples 
w i t h bedding of a s i m i l a r o r i e n t a t i o n , but less than that achieved 
by the small Rowe c e l l sample w i t h bedding o r i e n t a t e d v e r t i c a l l y . 




Sample Gedling Lagoon 12, v e r t i c a l drainage 152.4mm diameter c e l l 
S p e c i f i c Gravity 1.99 
I n i t i a l dry density 1.059 Mg/m3 
F i n a l dry density 1.217 Mg/m-
Pressure 
(kN/m2) 
Voids Ratio m 





0 0.772 - - - -
10 0.759 0.85 - 23.1 6.11 x 10~ 9 
20 0.728 1.77 -0.10 22.6 o 1.29 x 10 
40 0.629 2.09 -0.22 22.8 
o 
1.41 x 10 
79.7 0.607 0.81 -0.17 6 l . l 
0 
1.53 x 10 
160 0.551 0.45 -0.18 51.4 7.07 x 10~ 9 
319.8 0.497 0.22 -0.17 36.4 2.36 x 10" 9 
79.7 0.502 - -0.01 - -
20 0.510 - -0.01 - -
0 0.557 - - - -
Average ( l i n e a r 
s ection) 0.89 -0.19 42.9 9.71 x 10" 9 
Linear 
Section 
Average shear stre n g t h (kN/m ) 
Aft e r loading Standard d e v i a t i o n 
(mean) 
Peak 23-5 14.5 




Sample Gedling Lagoon 12, r a d i a l drainage, 152.4mm diameter c e l l 
S p e c i f i c g r a v i t y 2.46 
I n i t i a l dry density 1.060 Mg/m5 
F i n a l dry density 1.159 Mg/m-
Pressure 
(kN/m2) 





0 1.072 _ _ — -
10 0.959 6.21 — 203.8 3.92 x 1 0 - 7 
20 0.925 1.75 -0.09 127.7 
0 
6.91 x 10 
40 0.810 3.09 -0.30 145.6 1.39 x 10~ 7 
79.7 0.731 1.12 -0.20 92.8 
0 
3.22 x 10 
160 0.654 0.57 -0.20 29.2 5.14 x 1 0 - 9 
320 0.574 0.31 -0.20 34.0 3.24 x 10" 9 
160 0.579 - -0.01 - -
79.7 0.587 - -0.02 - -
0 0.887 - - - -
Average over l i n e a r 
Section 1.27 -0.23 75.4 
0 
4.49 x 10" 
Linear 
Section 
Average shear s t r e n g t h (kN/m ) 
Peak 
Remoulded 
A f t e r loading 
(mean) 






Sample Gedling Lagoon, r a d i a l and v e r t i c a l drainage, 152.4mm 
diameter 
S p e c i f i c g r a v i t y 1.99 
I n i t i a l dry density 1.033 Mg/m^  
F i n a l dry density 1.271 Mg/m-
Pressure 
(kN/m2 





0 0.927 - - - -
20 0.716 6.11 - 62.5 3.34 x 10" 6 
40 0.666 1.46 -0.16 55.4 2.51 x 10 
79.7 0.614 0.79 -0.16 54.2 1.33 x 10~ 8 
160 0.557 0.45 -0.18 49.7 6.93 x 10~ 9 
319.9 0.498 0.24 -0.19 4l.9 3.17 x 10" 9 
40 0.521 - -0.02 - -
20 0.530 - -0.03 - -
0 O.566 - - - -
Average over l i n e a r 
s e c t i o n 0.62 0.17 50.3 
0 






Sample Gedling Lagoon 12, v e r t i c a l and r a d i a l drainage w i t h 
blanket, 152.4mm diameter 
S p e c i f i c g r a v i t y 1.99 
I n i t i a l dry density 1.095 Mg/m^  
F i n a l dry density 1.258 Mg/m^  
Pressure Voids Ratio m 
V 
Cc Cv K 
(kN/m2) (m2/MN) (m2/YR) (m/sec) 
0 0.818 - - - -
20 0.754 1.87 - 27.1 Q 1.57 x 10 
40 0.712 1.20 -0.13 30.5 0 1.14 x 10" 
79.7 O.665 0.70 -0.15 37.3 8.09 x 10~ 9 
160 0.610 0.43 -0.18 56.7 7.52 x 10" 9 
319.8 0.557 0.21 -0.17 55.9 3.60 x 10" 9 
40 0.562 - -0.01 - -
20 O.568 - -0.02 - -
0 0.583 - - - -
Average over l i n e a r 





Sample Gedling lagoon, v e r t i c a l drainage, 76.2mm diameter c e l l 
S p e c i f i c g r a v i t y 1.99 
I n i t i a l dry density I.O58 Mg/m3 
F i n a l dry density 1.327 Mg/m3 
Pressure 
(kN/m2) 
Voids Ratio rn 





1.8 0.731 - - - -
24.9 O.698 0.84 -0.03 5.7 1.47 x 10" 9 
47.1 0.673 0.64 -0.08 7.7 1.53 x 10" 9 
91.5 0.634 0.51 -0.12 10.3 1.64 x 10~ 9 
180.3 0.596 0.28 -0.13 22.2 1.91 x 10' 9 
357.8 0.540 0.20 -0.18 20.9 1.31 x 10" 9 
713.0 0.485 0.10 -0.17 26.9 8.47 x 10" 1 0 
1423.4 0.429 0.05 -0.18 25.0 4.20 x 10" 1 0 
180.3 0.459 - -0.03 - -
47.1 0.478 - -0.03 - -
1.8 0.481 - -0.01 - -
Average over l i n e a r 
section 0.16 -0.17 23.8 1.12 x 10" 9 
Average over 47 to 




Sample Gedling lagoon 12, r a d i a l drainage, 76.2mm diameter c e l l 
S p e c i f i c g r a v i t y 2.46 
I n i t i a l dry density 1.060 Mg/m 
Final dry density I.U7 Mg/m3 
Pressure 
(kN/m2) 
Voids Ratio m 





2.7 0.945 - - -
13.8 0.922 1.09 -0.03 7.1 2.38 X 10-9 
24.9 0.902 0.93 -0.06 8.2 2.38 X I D " 9 
47.1 0.871 0.75 -0.09 7.1 I.65 X 10-9 
91.5 0.845 0.31 -0.07 9.9 9.53 X 1 0 - 1 0 
180.3 0.798 0.29 -0.12 9.9 8.85 X 1 0 - 1 0 
357.8 0.741 0.18 -0.15 16.4 9.22 X I D " 1 0 
713.0 0.677 0.11 -0.17 24.8 8.17 X 1 0 - 1 0 
1423.4 0.608 0.06 -0.18 4i.3 7.58 X 1 0 - 1 0 
712.0 0.618 - -0.02 - -
357.8 0.625 - -0.03 - -
2.7 O.678 - -0.02 - -
Average over l i n e a r 








probably due to the f r i c t i o n i n the apparatus mentioned e a r l i e r . 
At the higher pressures, where these e f f e c t s are not so important, 
the improved c y l i n d r i c a l surface area to cross s e c t i o n a l area 
r a t i o of the l a r g e r sample causes i t to give a value of c y nearer 
to the true one (Rowe and Harden, 1966). 
The d i f f e r e n c e i n between the v e r t i c a l l y and h o r i z o n t a l l y 
o r i e n t a t e d samples of s i m i l a r size seems to i n d i c a t e some 
anisotropy of the sample. Considering the sedimentary character 
of the deposit one would expect a higher h o r i z o n t a l to v e r t i c a l 
p e r m e a b i l i t y (the p a r t i c l e s tending to s e t t l e w i t h t h e i r short 
axes v e r t i c a l ) thus g i v i n g a higher c^ f o r the sample w i t h 
v e r t i c a l l y o r i e n t a t e d bedding*. This v/ould appear to be the case 
2 
w i t h pressures i n excess of 150 kN/m . Below t h i s pressure, however, 
1 
the h o r i z o n t a l l y o r i e n t a t e d samples have higher c^ s. This could 
be due to v e r t i c a l desiccation cracks, a c t i n g as drains i n i t i a l l y , 
but becoming sealed as the pressure increases. 
Turning to the c e n t r a l sample, the graphs of c^ against l o g 
pressure are shown in. Figure 4.21. Unfortunately, i t i s not 
possible to make a d i r e c t comparison betv/een the sub-sample w i t h 
a r a d i a l d r a i n , and the one w i t h a s i n g l e v e r t i c a l d r a i n . This 
i s due to the di f f e r e n c e s between the two sub-samples mentioned 
pre v i o u s l y . I t should be possible, however, to compare sub-
samples w i t h v e r t i c a l drainage and sub-samples v/ith composite 
v e r t i c a l and r a d i a l drains so long as the voids r a t i o s are s i m i l a r . 
Examination of the r e s u l t s of the three samples concerned show 
considerable s c a t t e r . The sample w i t h r a d i a l and v e r t i c a l drains 
has an opposite trend to that of the sample w i t h the same drainage 
f a c i l i t i e s , but w i t h the a d d i t i o n of a sand blanket. There does 
not appear to be any consistent v a r i a t i o n v/hich could be a t t r i b u t e d 
* The d r a i n i n the apparatus only allows water to flow v e r t i c a l l y 
upwards. 
195. 
to anisotropy. This being so, i t must be assumed tha t other 
f a c t o r s , such as desiccation cracks and s t r u c t u r e must be of 
equal importance i n determining the p e r m e a b i l i t y and hence the 
c o e f f i c i e n t of c o n s o l i d a t i o n . This, i t w i l l be r e c a l l e d , was also 
the case at Cadeby. 
The major observable d i f f e r e n c e i s between the small and large 
samples. This shows the s u p e r i o r i t y of a Rowe c e l l t o the common 
oedometer, e s p e c i a l l y w i t h materials such as these where i n d i v i d u a l 
beds can be considerably t h i c k e r than the oedometer sample. 
Comparing the c e n t r a l and o u t l e t samples of s i m i l a r s i z e , 
2 
above 100 kN/m pressure, a l l the c e n t r a l samples have higher 
c^'s than the o u t l e t samples. This might be expected as the 
c e n t r a l sample i s coarser grained than the o u t l e t sample. Below 
100 kN/m'" the p o s i t i o n i s not so cl e a r . The values of c^ of both 
sets of samples become very scattered, and no us e f u l conclusions 
can be drawn. 
In c o n t r a s t , the c o e f f i c i e n t of volume change, m^ , and the 
compression index, Cc, are s i m i l a r f o r a l l the samples. The 
former (m v) shows an exponential drop i n value from 3-10 m /MN 
to 0.2 m2/MN at 300 kN/m2 and to 0.05 m2/MN (approximately) at 
2 1200 kN/m . C shov/s a s l i g h t f a l l i n value, c 
4.2.2.4. Vane s t r e n g t h 
The vane shear strengths determined on the samples are 
l i s t e d i n Tables 4 . l i d , 4.12a and 4.12b. I t can be seen that 
the f i n e s t grained m a t e r i a l i s the strongest. This i s to be 
expected, when no normal stress i s a p p l i e d , since the component 
of s t r e n g t h due to 0 w i l l not be mobilised. The greater amount 
of clay p a r t i c l e s i n the o u t l e t sample ensures i t a higher 
s t r e n g t h due to cohesive forces. With the two samples from the 
c e n t r a l part of the lagoon t h i s does not appear to apply, however, 
as the coarsest specimen i s strongest. I t w i l l be noticed, however, 
196. 
t h a t the coarsest grained specimen also has the lowest voids 
r a t i o , and t h i s may be responsible f o r the increase i n shear 
s t r e n g t h . 
As v/ould be expected, the shear s t r e n g t h of the sample tested 
before and a f t e r loading shows an increase a f t e r the loading cycle 
(Table k.lid). 
^.2.3. K e l l i n g l e y pressed t a i l i n g s 
During the i n v e s t i g a t i o n of the southern embankment at Gale 
Common some pressed t a i l i n g s from K e l l i n g l e y C o l l i e r y were tested 
i n a 60 x 60mm shear-box. The r e s u l t s , Figures ^.22 and ^.23, 
show a peak 0' of 27 and a r e s i d u a l of 13«2 . I t i s noticeable 
t h a t both are lower than the corresponding values f o r K e l l i n g l e y 
coarse discard ( i . e . 31.8° and 16° r e s p e c t i v e l y , Figure 2.2*f). 
The peak shear str e n g t h of the coarse discard i s highest, i n 
contrast to the usual s i t u a t i o n , probably because of i t s high 
carbon content (2b%). 
I t i s of importance to note t h a t t h i s m a t e r i a l reached 
r e s i d u a l a f t e r a displacement of 0.2 metres (Figure '+.22). Whilst 
t h i s might be expected, because t a i l i n g s contain a large amount of 
f i n e m a t e r i a l i n which a shear plane i s more e a s i l y formed, such 
behaviour could cause problems on t i p s during handling. 
h.Z.km Summary of p r o p e r t i e s of f i n e discard deposits 
The c h a r a c t e r i s t i c s of the two lagoons at Cadeby and Gedling 
shov/ed some marked l a t e r a l v a r i a t i o n i n l i t h o l o g y from i n l e t to 
o u t l e t . Where i t could be seen, Cadeby Lagoon 9 shov/ed no o v e r a l l 
v e r t i c a l change. On a smaller scale, both lagoons shov/ed 
s t r a t i f i c a t i o n s which were no longer v i s i b l e as the o u t l e t was 
approached. The development of the laminae was, however, d i f f e r e n t 
i n the two lagoons. At Cadeby they v/ere w e l l marked, v/ith a high 
order of graded bedding, while at Gedling they v/ere but poorly 
developed. Observations at Cadeby showed that these laminations 
could become d i s t o r t e d during f i l l i n g of the lagoon. 
Disturbance of the laminations could be the cause of the 
coarser samples from the lagoons behaving i n an apparently 
i s o t r o p i c manner. The v i s u a l l y homogenous, f i n e grained o u t l e t 
sample at Gedling was the only one to show d i s t i n c t anisotropy 
(Cadeby o u t l e t was not tested i n t h i s manner). 
The a c t u a l nmo«nt of co n s o l i d a t i o n as measured by the 
c o e f f i c i e n t of volume change, m^ , shows l i t t l e change across the 
lagoons. The r a t e at which t h i s c o n s o l i d a t i o n takes place, howeve 
d i f f e r s markedly. The i n l e t end, w i t h the coarse sediments 
consolidates r a p i d l y , while the f i n e grained o u t l e t sediments 
consolidate at a much slov/er r a t e . A permeability t e s t has shown 
th a t the r a t e of co n s o l i d a t i o n recorded i n the c o n s o l i d a t i o n t e s t 
i s l o g i c a l l y an underestimate. However, i t i s f e a s i b l e to compare 
them, one to another on a r e l a t i v e basis. 
Compared to the Cadeby Lagoon 9 sediments, the permeab i l i t y 
of the embankment face adjacent to the lagoon i s very low 
12 6 (10~ m/s f o r the embankment face, 10 m/s f o r the lagoon, Table k 
The permeab i l i t y i s such th a t drainage from the lagoon must be 
v i r t u a l l y non-existant through the embankment. I t f o l l o w s t h a t , 
i f drainage i s required from the lagoon sediments v i a the embank-
ment, properly designed, f i l t e r - p r o t e c t e d , drainage blankets on 
the upstream face are necessary. 
In terms of shear s t r e n g t h , the parameters found f o r Cadeby 
Lagoon 9 and K e l l i n g l e y pressed t a i l i n g s are w i t h i n the range of 
values (21.5 to 39°) found by McKechnie Thomson and Rodin (1972). 
At Cadeby, Lagoon 3, there i s a marked d i f f e r e n c e betv/een the peak 
shear strengths of coarse layers of i n l e t m a t e r i a l (0 = 32°) and 
the f i n e o u t l e t m a t e r i a l (0 = 2k ) . A remoulded sample of i n l e t 
m a t e r i a l , however, was only as strong as the o u t l e t m a t e r i a l . 
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^.3. Laboratory i n v e s t i g a t i o n of the e f f e c t s of f l o c c u l a n t s on 
t a i l i n g s 
As mentioned i n Section k.l.l. f l o c c u l a n t i s added to the 
s o l i d s suspension i n the washery to promote sedimentation. Two 
types are i n use, p o l y e l e c t r o l y t e (Polymer) and st a r c h , w i t h the 
former being more common. P o l y e l e c t r o l y t e s give the higher r a t e 
of s e t t l i n g but are about f i v e times more expensive than s t a r c h , 
kilogram f o r kilogram. There i s a suspicion i n some N.C.B. areas, 
notably w i t h reference to the lagoons at Gedling, t h a t p o l y e l e c t o -
l y t e r e s u l t s i n poor drainage of lagoons w i t h consequent lower 
c o n s o l i d a t i o n rates and lower shear s t r e n g t h . 
Jowett and Chopra (197*0 conducted experiments on 88mm diameter 
specimens sedimented from t a i l i n g s / f l o c c u l a n t mixtures. A f t e r 
removal of supernatant water, the samples v/ere then subjected to 
2 
up to 25 kN/m suc t i o n , the pe r m e a b i l i t y and amount of co n s o l i d a t i o n 
being measured. Samples 50mm diameter by 19mm t h i c k v/ere also tested 
up to pressures of 200 kN/m . 
They concluded t h a t : -
a) Faster s e t t l i n g rates are obtained w i t h p o l y e l e c t r o l y t e 
than w i t h starch. 
b) I n systems dosed to give the same s e t t l i n g r a t e , there 
i s not a s i g n i f i c a n t d i f f e r e n c e i n pe r m e a b i l i t y . 
c) P o l y e l e c t r o l y t e f l o c c u l a n t systems produce a sediment w i t h 
lower moisture content ( i . e . they have lov/er voids r a t i o s , 
since the samples were s a t u r a t e d ) . 
Furthermore, w i t h p o l y e l e c t r o l y t e (polymer) as f l o c c u l a n t , 
two peaks i n permeability v/ere observed, at concentrations of 
0.02 kg/Mg and 1.0 kg/Hg. 
While these r e s u l t s give i n t e r e s t i n g information on the 
permeabil i t y w i t h respect to f l o c c u l a n t doseage i t was f e l t t h a t 
the c o n s o l i d a t i o n c h a r a c t e r i s t i c s should be i n v e s t i g a t e d to see 
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whether there i s any advantage i n using e i t h e r s t a r c h or poly-
e l e c t r o l y t e . To t h i s end the f o l l o w i n g experiment was designed. 
The top of the 25^ mm Rowe c e l l was removed and a 203mm 
diameter alkathene tube was bolted u p r i g h t i n i t s place (Figure ^.24). 
(N.B. A tube 25^ mm i n diameter would have been p r e f e r a b l e , but one 
could not be obtained). The r e q u i s i t e amount of f l o c c u l a n t was 
then added to 18 l i t r e s of t a i l i n g s suspension and vigourously 
s t i r r e d to a) mix the f l o c c u l a n t , and b) to simulate t r a v e l along 
the pipe from thickener to lagoon. The suspension was then poured 
i n t o the alkathene tube and allowed t o s e t t l e f o r two to three days. 
A f t e r t h i s time the t a i l i n g s had a l l sedimented out i n t o the Rowe 
c e l l . The v/ater i n the alkathene tube could then be drawn o f f v i a 
the tap shown i n Figure k.2ka The tube was then removed and a 
25^ mm diameter by 0.32mm t h i c k , saturated, s i n t e r e d bronze p l a t e 
was allowed to sink slowly onto the upper surface of the sediment. 
S u f f i c i e n t water was now siphoned o f f from above t h i s p l a t e t o 
enable the top of the c e l l to be assembled i n the usual manner. 
A conventional* Rowe co n s o l i d a t i o n t e s t could then be c a r r i e d out, 
v/ith the c o n s o l i d a t i o n pressure being taken up to a maximum of 
300 kN/m2. 
Af t e r the co n s o l i d a t i o n t e s t , the c e n t r a l r i n g of the Rowe 
c e l l v/as removed, complete w i t h sample, and i n v e r t e d i n t o a v/ater 
bath. A spacer was placed between the porous p l a t e and the base 
of the bath to keep the sample i n place. The shear strength of 
the sample was then found using a labor a t o r y vane. While the vane 
does not give a very s a t i s f a c t o r y value f o r shear s t r e n g t h , as v / i l l 
be explained i n Section i t i s the only method a v a i l a b l e which 
does not destroy the sample. The r e s u l t s are of use on a r e l a t i v e 
basis. 
* I t was not necessary to employ back-pressure f o r s a t u r a t i o n i n 
these t e s t s as the m a t e r i a l was obviously f u l l y - s a t u r a t e d i n i t i a l l y . 
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The sample, s t i l l i n the r i n g , was then submerged and stored 
i n i t s correct o r i e n t a t i o n f o r up to 30 days under an e f f e c t i v e 
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stress of 300 kN/m . This was accomplished by using the v/ater 
bath of a 0.3x0.3m shear-box ( w i t h the box removed), the load 
being applied v i a the lev e r system of the shear box (See Figure 4.34). 
At the end of the 30 days, the shear stre n g t h was determined as 
prev i o u s l y . A f t e r t h i s , the sample could be d r i e d and v/eighed. 
This method enabled a large size t a i l i n g s sample to be tested 
w i t h the minimum of ext e r n a l disturbance. I n a l l , t a i l i n g s samples 
from three d i f f e r e n t sources were tested i n t h i s manner. The r e s u l t s 
w i l l be discussed i n the succeeding sections. 
4.5.2.1. Manvers t a i l i n g s 
155 l i t r e s of raw t a i l i n g s suspension was supplied by the 
S c i e n t i f i c Branch of the N.C.B. I t i s possible t h a t the t a i l i n g s 
already contained a small amount of p o l y e l e c t r o l y t e , because water 
i s recycled i n the Manvers preparation p l a n t . The amount, however 
i s n e g l i g a b l e . The i n i t i a l moisture content v/as of the order of 
2,000 per cent. 
4.3.2.2. Sample composition 
The grading of the sample i s shown i n Figure 4.25- I t can 
be seen th a t i t i s of non-uniform grading w i t h a u n i f o r m i t y 
c o e f f i c i e n t i n excess of 70. I t contains 19 per cent clay size 
and 44 per cent s i l t size p a r t i c l e s v/ith a mean of 22 microns 
( i . e . coarse s i l t s i z e ) . I t i s very s i m i l a r to sample 4 i n the 
v e r t i c a l sequence from Cadeby Lagoon 9 (Figure 4.5)• 
I n terms of consistency l i m i t s , the ma t e r i a l i s an inorganic 
clay of medium p l a s t i c i t y (Casagrande P l a s t i c i t y C h a rt). The 
l i m i t s (see Table 4.13) are s i m i l a r to Cadeby samples, although 
the l i q u i d l i m i t and p l a s t i c i t y index are s l i g h t l y lov/er than 
the sample w i t h s i m i l a r grading. 
TABLE 
CONSISTENCY LIMITS OF TAILINGS SAMPLES 
Sample L i q u i d L i m i t P l a s t i c L i m i t P l a s t i c i t y Index 




3^ 19 15 
Gedling 29 Ik 
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The chemistry (Table 4.8) shows the high carbon content 
(37.65%) common to most t a i l i n g s samples. I r o n and sulphur are 
both high, probably combined as p y r i t e , which i s a mineral found 
i n c o a l . The element oxide r a t i o s are s i m i l a r to Cadeby (Table 4.9). 
4.3.2.3. Consolidation t e s t s 
Five c o n s o l i d a t i o n t e s t s were c a r r i e d out, the r e s u l t s being 
tabulated i n Table 4.14A - E. the f i v e tests were based on the 
f o l l o w i n g f l o c c u l a n t concentrations: 
A Unflocculated c o n t r o l sample 
B 1.25 kg/Mg star c h ( F l o c y e l ) * 
C 0.01'+ kg/Mg Polymer ( P o l y f l o c 93APA) 
D 0.135 kg/Mg Polymer ( P o l y f l o c 93APA) 
E 0.26 kg/Mg Polymer ( P o l y f l o c 93APA) 
The dosage of Polymer i n i t i a l l y used, 0.0l4 kg/Mg (sample C) v/as 
taken from Jowett and Chopra (197*0 since t h e i r work i n d i c a t e d 
t h a t p e r m e a b i l i t y was enhanced i n t h i s dosage region. The s t a r c h 
f i g u r e , which was communicated by Mr. A.R. Bacon (N.C.B.) appears 
to be a 'consensus' value used i n coal preparation p l a n t s . He 
pointed out, however, th a t as s t a r c h was added by hand, the a c t u a l 
values used were l i a b l e to vary widely. I t was also i n f e r r e d t h a t 
over-dosing w i t h p o l y e l e c t r o l y t e commonly occurs i n p r a c t i c e so 
f u r t h e r t e s t s v/ere c a r r i e d out at higher dosages. No t e s t s v/ere 
conducted at the other Jowett and Chopra permeability peak of 
1.0kg/Mg since t h i s dosage v/ould be uneconomic i n p r a c t i c e . 
4.3.2.4. Pressure/voids r a t i o 
The P-e curves are shown i n Figure 4.26. I t i s apparent t h a t 
2 
large drops i n voids r a t i o s occur up to pressures of ''+0 kN/m from 
2 
i n i t i a l values of 2.2 to 4.8. Above 40 kN/m , the P-e curve i s 
2 
l i n e a r up to at l e a s t 300 kN/m . The high i n i t i a l voids r a t i o s are 
due to the f i n e r m a t e r i a l forming a dense suspension at the sediment 
This stands f o r 1.25kg of Flocgel per Megagram of dry t a i l i n g s . 
TABLE 4.14 A 
CONSOLIDATION PARAMETERS 
Sample Manvers t a i l i n g s , u n f l o c c u l a t e d 
S p e c i f i c Gravity 2.05 
I n i t i a l dry density 0.599 Mg/m^  
F i n a l dry density 0.951 Mg/m"^  
Pressure 
(kN/m2) 






0 2.42 - - - -
9.4 2.42 - - - -
18.75 1.58 2.61 -2.79 127.5 1.04 x 10 
37*5 1.35 4.93 -0.79 1019.6 1.56 x 10' 6 
75 1.26 0.97 -0.28 52.7 1.59 x 10" 8 
150 1.17 0.50 -0.28 79.5 Q 1.24 x 10 
300 1.09 O.25 -0.27 15^.9 1.18 x 10" 8 
120 1.11 0.03 -0.03 - -
12 1.14 0.14 -0.03 - -
0 1.16 - - - -
Average (75-300)kN/m2 0.57 -0.28 95.7 0 1.34 x 10 
Average shear s t r e n g t h (kN/m ) 
0 days 30 days Increase r a t i o 
m s m s 
Peak 3.9 0.8 6.3 4.0 1.61 
Remoulded 3.4 0.0 3.8 1.3 1.12 
S e n s i t i v i t y 1.15 1.66 
m = mean 
s = standard d e v i a t i o n 
TABLE 4.14B 
CONSOLIDATION PARAMETERS 
Sample Manvers t a i l i n g s , O.Ol4 kg /Mg Po l y f l o c 93APA 
Sp e c i f i c g r a v i t y 2.05 
I n i t i a l dry density 0.642 Mg/m^  
F i n a l dry density 0.94l Mg/m^  
Pressure Voids Ratio m V Cc Cv K 
(kN/m2) (m2/MN) (m 2AR) (m/sec) 
0 2.19 - - -
9.4 1.66 17.92 - -
18.75 1.50 6.31 -0.52 5.8 1.14 x 10" 8 
37.5 1.39 2.31 -0.36 22.7 1.63 x 10" 8 
75 1.29 1.08 -0.32 104.3 3.49 x 10" 8 
150 1.18 0.66 -0.38 114.if 2.35 x 10" 8 
300 1.07 0.34 -0.37 248.1 2.6l x 10" 8 
120 1.09 0.06 -0.06 -
12 1.16 0.29 -0.06 -
0 1.18 0.8 - -
Average 75-300)kN/m 0.69 -O.36 155.6 2.82 x 10- 8 
Average shear stren g t h (kN/ - 2 > 
0 days 30 days Increased Ratio 
m s m s 
Peak 5.6 1.4 10.5 2.6 1.88 
Remoulded 3.6 0.1 3.6 0.0 1.00 




= standard d e v i a t i o n 
TABLE 4.14C 
CONSOLIDATION PARAMETERS 
Sample Manvers t a i l i n g s 0.135 kg ./Mg P o l y f l o c 93APA 
S p e c i f i c g r a v i t y 2.05 
I n i t i a l dry density 0.353 Mg/m^  
F i n a l dry density 0.934 Mg/m"5 
Pressure 
(kK/m 2) 






0 4.81 - - - -
9.4 1.89 53.54 - - -
13.75 1.61 10.56 -0.95 824.6 2.71 x 10" 6 
37.5 1.44 3.52 -0.57 7.3 7.98 x 10" 9 
75 1.30 1.51 -0.46 152.6 7.18 x 10" 8 
150 1.19 0.60 -0.34 858.7 1.61 x 10" 7 
300 1.12 0.24 -0.26 351-4 2.59 x 10~ 8 
120 1.12 0.02 -0.02 - -
12 1.15 0.12 -0.03 - -
0 1.19 1.63 - - -
Average (75-300 kN/m2) 0.78 -0.35 454.2 8.62 x 10" 8 
TABLE 4.14D 
CONSOLIDATION PARAMETERS 
Sample Manvers t a i l i n g s 0 .26 kg/Mg P o l y f l o c 93APA 
S p e c i f i c g r a v i t y 2 .05 
I n i t i a l dry density 0.37*+ Mg/rrr^ 
F i n a l dry density 1 .137 Mg/m 
Pressure 
(kN/m2) 






0 4 .49 - - - -
9 . 4 2.18 44 .73 - - -
18 .75 1.59 1 9 . 7 4 -1 .96 1 2 . 4 7 . 6 0 X i o - 8 
37 .5 1 .01 12 .07 - 1 . 9 5 9 2 . 1 3.46 x i o - 7 
75 0 .89 1.59 -0.40 6 .6 3 .27 X i o - 9 
150 0.76 0 . 9 0 -0.42 7 . 8 2 .18 X 10-9 
300 0.64 0.46 -0.40 8.83 1.26 X I D " 9 
120 0.66 0 .07 - 0 . 0 5 - -
12 0.71 0 . 3 0 - 0 . 0 5 - -
0 0 .80 4 . 3 7 - - -
2 
Average (75-300)kN/m 0 .98 - 0.41 7 .7 2.24 X i o " 9 
Average shear stre n g t h (kN/m ) 
0 days 30 days Increased Ratio 
m s m s 
Peak 1 0 . 1 2 .5 1 6 . 0 2 . 7 1.58 
Remoulded 6 .2 3 . 1 5 .3 2 . 1 O.85 
S e n s i t i v i t y 1.63 3 .02 
m = mean 
s = standard d e v i a t i o n 
TABLE 4.15E 
CONSOLIDATION PARAMETERS 
Sample Manvers t a i l i n g s , 1.25 kg/Mg Flocgel ( s t a r c h ) 
S p e c i f i c g r a v i t y 2.05 
I n i t i a l dry density O.363 Mg/m^  
F i n a l dry density 1.080 Mg/m^  
Pressure Voids Ratio m 
V 
Cc Cv K 
(kN/m2) (m2/MN) (m2/YR) (m/sec) 
0 4.64 - - - -
9.4 2.27 44.71 - - -
18.75 1.62 21.28 -2.16 518.8 3.43 x 10- 6 
37.5 1.14 9.67 -1.58 96.6 2.90 -7 x 10 ' 
75 0.99 1.97 -0.53 89.6 5.50 x l O " 8 
150 O.85 O.89 -0.44 62.7 1.74 x 10" 8 
300 0.73 0.43 -0.39 62.9 8.35 x 10" 9 
120 O.76 0.07 -0.06 -
12 0.82 0.35 -0.07 -
0 0.90 3.4 - -
p 
Average (75-300)kN/m 1.10 -0.95 71.7 2.69 x 10" 8 
Average shear stre n g t h (kN/m ) 
0 days 30 days Increased Ratio 
m s m s 
Peak 7.3 0.5 15.0 1.6 2.05 
Remoulded 3.5 0.1 5.6 1.8 1.6 
S e n s i t i v i t y 2.09 2.68 
m = mean 
s = standard d e v i a t i o n 
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water i n t e r f a c e . This suspension clewaters r a p i d l y on a p p l i c a t i o n 
of pressure. 
The P-e curves f o r the unflocculated sample and the two 
samples w i t h the lowest concentration of P o l y f l o c 93APA are 
v i r t u a l l y c oincident. However, i t should be pointed out that the 
voids r a t i o s of the 0.13 kg/Mg sample (D) are s l i g h t l y suspect. 
This sample was used to compare vane/shear st r e n g t h w i t h shear-
box stre n g t h and i t s t o t a l mass had to be c a l c u l a t e d from a sub-
sample. 
On a d d i t i o n of a high dose of P o l y f l o c 93APA, the voids r a t i o 
drops to the lov/est value a t t a i n e d v/ith t h i s m a t e r i a l i . e . 0.64 
2 
at 300 kN/m . With the sample dosed v/ith s t a r c h , the voids r a t i o 
decreased to only 0.73. Thus a star c h concentration of at l e a s t 
f i v e times t h a t of p o l y f l o c i s required to a t t a i n the same order 
of c o n s o l i d a t i o n . This cancels out i t s cost advantage*. 
The gradient of the l i n e a r p o r t i o n of the l o g P-e curve i s 
steeper i n the case of the starch t r e a t e d m a t e r i a l , and that w i t h 
a high p o l y f l o c concentration, than t h a t of the remainder of the 
samples, i . e . the higher the pressure, the more divergent the 
values of e become. An analysis of the grading of the f i n e s of 
the top and bottom halves of the d i f f e r e n t samples (Figure 4.27 
a-d) provides a probable mechanism. The gradings f a l l i n t o two 
groups, between which there i s a large d i f f e r e n c e i n grading. 
One group contains the unflocculated and the sample w i t h low 
p o l y f l o c concentration. The other contains the sample w i t h the 
high p o l y f l o c concentration and the star c h t r e a t e d sample. The 
obvious cause i s t h a t w i t h e f f e c t i v e doses of f l o c c u l a n t , the 
clay p a r t i c l e s w i l l sediment at a s i m i l a r r a t e to the s i l t 
* The cost of p o l y e l e c t r o l y t e i s £1,200 to £1,500 per tonne 
(Megagram) v/hile the cost of star c h i s £400 per Megagram 
(A.R. Bacon, personal communication). 
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and sand sized p a r t i c l e s , thus g i v i n g a sample v/ith poorly 
developed or non-existant graded bedding. This also would 
account f o r the lower voids r a t i o s of these samples a f t e r consolida-
t i o n , since the voids between large p a r t i c l e s w i l l be f i l l e d w i t h 
clay. 
As Figure 4.26 shows, only the sample w i t h a high p o l y f l o c 
dose a c t u a l l y has a moisture content t h a t i s lower than the 
l i q u i d l i m i t . This may, however, be a f a l s e impression, as the 
voids r a t i o i s the average value of a s t r a t i f i e d m a t e r i a l . Hence 
the clay layer at the top may have a lower voids r a t i o , and there-
fore be below the l i q u i d l i m i t , even i n the other samples. 
4.3.2.5« Consolidation parameters 
I n order to compare co n s o l i d a t i o n c h a r a c t e r i s t i c s , averages 
have been c a l c u l a t e d f o r the most l i n e a r sections of the l o g 
P-e curves i . e . 70 - 300 kN/m (Tables k.lk A - E) 
Perm e a b i l i t i e s (K) do not show any systematic v a r i a t i o n w i t h 
-8 
f l o c c u l a n t or voids r a t i o . They are of the order of 10 m/s w i t h 
the exception of the sample w i t h the high p o l y f l o c dose (E), where 
K i s lO'^m/s. Below a pressure of 70 kN/m2, the p e r m e a b i l i t i e s are 
8 io 
usually higher. These values compare to 10 to 10 m/s f o r 
-5 -7 
normal oedometer t e s t s and 10 to 10 measured i n the f i e l d 
(McKechnie Thomson and Rodin, 1972). The Rowe c e l l would appear 
to be g i v i n g an intermediate value. 
The values of c^ are s i m i l a r l y higher than those measured i n 
oedometers. Compared, to the values obtained from lagoon deposits 
i n the current work, they l i e about and above the values obtained 
f o r the c e n t r a l l y placed lagoon sample. The sample w i t h a high 
p o l y f l o c concentration i s h i g h l i g h t e d by i t s low values of c^ 
(only 7.7 m 2 / y r ) . 
Both m and C show some c o r r e l a t i o n w i t h f l o c c u l a n t concentration, v c 2 
The values of my increase from 0.57 to 0.98 m /MN as f l o c c u l a n t 
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increases. This i n d i c a t e s a steeper l o g P-e curve, as f l o c c u l a n t 
concentration increases. Values of C decrease from-0.23 to 
c 
-0.4l)as f l o c c u l a n t concentration increases. 
4.5.2.6. Vane shear s t r e n g t h 
The peak and remoulded vane shear strengths, before and a f t e r 
storage, are shown i n Tables 4.14 A,B,D and E. The sample w i t h 
0.135 kg/Mg p o l y f l o c 93APA was not t e s t e d i n t h i s manner because 
i t was used to c o r r e l a t e the vane at simulated depths w i t h the 
shear s t r e n g t h as measured i n a shear-box. This w i l l be considered 
i n Section 4.4. 
Examination of the vane strengths shows that shear strengths 
increase w i t h decreasing voids r a t i o , and hence also w i t h 
f l o c c u l a n t concentration. A l l samples show an increase i n s t r e n g t h 
upon storage, the r a t i o varying from 1.6 to 2.05, w i t h the s t a r c h 
f l o c c u l a t e d m a t e r i a l increasing by the greatest amount. 
S e n s i t i v i t i e s also increase v/ith storage, as remoulded 
strengths show l i t t l e , i f any, increase v/ith time. The i n i t i a l 
s e n s i t i v i t i e s range from 1.15 to 2.09, increasing to 1.66 to 3.02 
a f t e r 30 days. I t i s i n t e r e s t i n g t h a t i n i t i a l l y , the s t a r c h 
f l o c c u l a t e d specimen was the most s e n s i t i v e , but a f t e r storage 
the p o s i t i o n was reversed and the specimen dosed v/ith a high 
concentration of p o l y f l o c has the highest s e n s i t i v i t y . These 
two specimens do, however, have the highest remoulded strengths 
a f t e r storage. 
4.3.5.1. Morrison Busty t a i l i n g s 
Three t e s t s were performed on 90 l i t r e s of t a i l i n g s suspension 
from Morrison Busty v/ashery, Co. Durham (see Figure 1.1). The 
t a i l i n g s had a moisture content of approximately 2,000 per cent. 
At t h i s v/ashery, the t a i l i n g s are pressed i n t o a cake rather than 
being pumped i n t o lagoons. The discard t h a t i s t r e a t e d i s gathered 
from several c o l l i e r i e s i n the western p a r t of the Durham c o a l f i e l d . 
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4.3.3.2. Sample composition 
Figure 4.28 shows the p a r t i c l e size d i s t r i b u t i o n . The t a i l i n g s 
are poorly sorted, ranging i n size from clay to coarse sand. 
The m a t e r i a l i s coarser than the Manvers t a i l i n g s sample, w i t h 
only 13 per cent clay and 25 per cent s i l t size f r a c t i o n s . I t 
has a median diameter of 150 micrometers ( i . e . i n the f i n e sand 
s i z e ) . 
I n view of i t s coarser nature, i t i s perhaps s u r p r i s i n g t h a t 
the sample has a lower p l a s t i c l i m i t than Manvers, and a s i m i l a r 
l i q u i d l i m i t (see Table 4.13). The element oxide r a t i o s (Table 4.9) 
show that the S i r a t i o i s s u b s t a n t i a l l y lower f o r Morrison 
Busty, however, i n d i c a t i n g that i t contains less free quartz. This 
lower quartz content probably gives r i s e to the increase i n 
p l a s t i c i t y . 
These t a i l i n g s also have a s u r p r i s i n g l y low carbon content 
of 17.52 per cent. This i s r e f l e c t e d by the s p e c i f i c g r a v i t y 
of 2.42 which i s higher than f o r more normal t a i l i n g s samples. 
I t i s possible that the low organic carbon content may also a f f e c t 
the p l a s t i c l i m i t since the s t a t i s t i c a l analysis of s p o i l heap 
materials (Taylor, 1975) showed an unusual feature i n t h i s respect 
i . e . p l a s t i c l i m i t increased w i t h increasing coal content. 
4.3.3.3. Consolidation t e s t s 
The r e s u l t s of the three t e s t s are given i n Table 4.15 A-C. 
The samples were tre a t e d w i t h the f o l l o w i n g amounts of f l o c c u l a n t . 
A - Unflocculated c o n t r o l sample 
B - 1.13 kg/Mg st a r c h (Flocgel) 
C - 0.177 kg/Mg Polymer ( P o l y f l o e 93APA) 
The f l o c c u l a n t doses that v/ere added were as close as was 
possible to those used f o r the Manvers t a i l i n g s ( i . e . f o r the high 
polymer and starch dosages). The d i f f e r e n c e s are due to the water/ 
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t a i l i n g s suspension not being of constant concentration. 
4.3.3.4. Pressure-voids r a t i o 
The pressure-voids r a t i o r e l a t i o n s h i p s are l i k e those of 
the Manvers t a i l i n g s (Figure 4.29), v/ith s i m i l a r voids r a t i o s 
being a t t a i n e d . As the voids r a t i o at the l i q u i d l i m i t (assuming 
s a t u r a t i o n ) i s higher than that of Manvers, both the starch and 
polymer f l o c c u l a t e d specimens are seen to consolidate to below 
the l i q u i d l i m i t . I t i s noticeable t h a t although the voids r a t i o s 
of these two t a i l i n g s samples are s i m i l a r , the moisture contents 
of Morrison Busty are lower. This i s because of the higher s p e c i f i c 
g r a v i t y of the l a t t e r m a t e r i a l . 
With the one sample f l o c c u l a t e d v/ith s t a r c h (Table 4.15B), the 
2 
voids r a t i o v/as measured ( a t 300 kN/n ) a f t e r the t h i r t y day storage 
period. As can be seen from Figure 4.29, the voids r a t i o had 
dropped by 0.24, from 0.77 to 0.53. This large decrease i n voids 
r a t i o i n d i c a t e s t h a t a large amount of secondary c o n s o l i d a t i o n must 
be ta k i n g place and i t i s probably t h i s feature which r e s u l t s i n 
the increased vane shear s t r e n g t h a f t e r storage. 
4.3«3.5« Consolidation parameters 
The c o n s o l i d a t i o n parameters are s l i g h t l y d i f f e r e n t to those 
of Manvers. 
The permea b i l i t y of the unf l o c c u l a t e d sample i s lower, at 
8.63 x 10"^ m/s,than the corresponding Manvers specimen (1.34 x 
-8 
10" m/s). However, the f l o c c u l a t e d samples e x h i b i t higher 
p e r m e a b i l i t i e s . I n the case of the sta r c h sample, t h i s increase 
-8 
i s minimal, w i t h a k value of 3.l6 x 10 m/s compared w i t h 
-8 
2.69 x 10" m/s f o r Manvers. The p o l y f l o c sample has a k value 
g 
of 3.02 x 10~ m/s, s i m i l a r to the starch dosed sample. This i s 
an order of magnitude greater than the Manvers value of 2.24 x 
10" 9 m/s. 
TABLE 4.15A 
CONSOLIDATION PARAMETERS 
Sample Morrison Busty t a i l i n g s , u n f l o c c u l a t e d 
S p e c i f i c Gravity 2.42 
I n i t i a l dry density 0.557 Mg/m^  
F i n a l dry density 1.103 Mg/m"^  
Pressure 
(kN/m2) 
Voids Ratio m 







0 3.34 - - - -
9.4 2.18 28.50 - - -
11-75 l . 6 l 19.20 -1.90 126.9 7.58 x 10" 7 
37.5 1.38 4.61 -0.75 611.4 8.76 x 10" 7 
75 1.30 0.92 -0.27 20.8 5.93 x 10" 9 
150 1.22 0.48 -0.27 10.5 1.55 x 10' 9 
300 1.12 0.31 -0.34 193.2 1.84 x 10" 8 
120 1.13 0.0k -0.04 - -
12 1.16 0.13 -0.03 - -
0 1.19 1.23 - - -
Average (75-300)kN/m2) 0.57 -0.29 7^.8 8.63 x 10" y 
Average shear stre n g t h (kN/m ) 
0 days 30 days Increased Ratio 
m s m s 
Peak 3.7 0.8 4.8 0.0 1.30 
Remoulded 2.5 0.3 2.5 0.3 1.00 
S e n s i t i v i t y 1.48 1.92 
m = mean 
s = standard d e v i a t i o n 
TABLE 4.15B 
CONSOLIDATION PARAMETERS 
Sample Morrison Busty t a i l i n g s , 0.177 kg/Mg Poly f l o c 93APA 
Spe c i f i c g r a v i t y 2.42 
I n i t i a n dry density 0.579 Mg/m^  
F i n a l dry density 1.422 Mg/m^  
Pressure 
(kN/ra 2) 







0 3.12 - - - -
9.4 1.27 48.73 - - -
18.75 1.00 12.50 -0.88 175.9 6.84 x 10" 7 
37.5 0.93 2,00 -0.25 5.7 3.58 x 10" 9 
75 0.84 1.20 -0.29 98.0 3.67 x 10~ 8 
150 0.75 O.69 -0.32 123.9 2.67 x 10" 8 
300 0.64 0.42 -O.36 208.2 2.71 x 10~ 8 
120 O.65 0.04 -0.03 - -
12 0.68 0.19 -0.03 - -
0 0.70 1.02 _ — — 
p 
Average (75-300)kN/m 0.77 -0.32 143.4 
0 
3.02 x 10 
Average shear s t r e n g t h (kN/m ) 
0 days 30 days Increased Ratio 
m s m s 
Peak 6.2 1.6 9.6 1.0 1.54 
Remoulded 2.5 0.3 3.6 0.0 1.44 
S e n s i t i v i t y 2.48 2.67 
m = mean 
s = Standard d e v i a t i o n 
TABLE 4.15C 
CONSOLIDATION PARAMETERS 
Sample Morrison Busty t a i l i n g s 1.13lrg/Mg Flocgel ( s t a r c h ) 
S p e c i f i c g r a v i t y 2.42 
I n i t i a l dry density O.669 Mg/m^  
F i n a l dry density 1.332 Mg/m^  
Pressure 
(kN/m2) 
Voids Ratio m 





0 2.62 - - - -
9.4 1.12 44.20 - - -
.18.75 1.07 2.46 -0.16 6.1 4.63 x 10" 9 
37.5 1.00 1.79 -0.23 113.6 0 6.33 x 10 
75 0.92 1.00 -0.25 105.7 3.28 x 10" 8 
150 0.85 0.52 -0.25 131.1 0 2.12 x 10 
300 0.77 0.27 -0.25 483.3 
0 
4.09 x 10 
120 0.78 0.02 -0.02 - -
12 0.81 0.14 -0.03 - -
0 0.82 0.52 - - -
A f t e r one 
month a t _ 
300 kN/m 0.53 
.Average (75-300kN/m2) 0.60 -0.25 ; 240.0 3.16 x- 10" 8 
Average Shear Strength (kN/m ) ( overleaf ) 
Continued.. 
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TABLE 4.15C (Continued) 
0 days 30 days Increase Ratio 
m s m s 
Peak 8.7 - 14.8 - 1.70 
Remoulded 4.1 - 5.0 - 1.22 





Part ( S e n s i t i v i t y 
6.6 2.1 8.6 1.7 1.30 
3.4 0.5 3.8 0.0 1.12 
1-9 - 2.3 - -
Upper (Peak 
( 
( f i n e ) (Remoulded 
( 
Part ( S e n s i t i v i t y 
10.7 1.2 20.9 1.7 1.95 
4.8 0.5 6.2 0.4 1.29 
2.2 - 3.4 - -
m = mean 
s = standard d e v i a t i o n 
217. 
The values of c f o l l o w the same p a t t e r n as the values of k. v A 
Thus, w i t h Morrison Busty t a i l i n g s , there i s no d i f f e r e n c e betv/een 
p o l y f l o c 93APA and s t a r c h f l o c c u l a n t s f o r these parameters. 
For the u n f l o c c u l a t e d samples, there i s no s i g n i f i c a n t 
d i f f e r e n c e between the corresponding values of m and C . With 
v c 
the f l o c c u l a t e d samples, the Morrison Busty t a i l i n g s have lower 
m 's and higher C 's. Unlike Manvers, the Morrison Busty sample V c 
dosed w i t h p o l y f l o c has the higher and lower C^. The p o s i t i o n s 
are reversed i n the case of Manvers. 
,4.3.3.6. Vane shear s t r e n g t h 
S i m i l a r to the Manvers t a i l i n g s , the f l o c c u l a t e d specimens 
show higher vane shear strengths than do unflocculated specimens. 
S u r p r i s i n g l y , the sample dosed w i t h s t a r c h has a higher s t r e n g t h 
than the sample dosed w i t h p o l y f l o c . This would seem to i n d i c a t e 
t h a t vane shear s t r e n g t h i s not e n t i r e l y a f u n c t i o n of voids r a t i o . 
With the starch f l o c c u l a t e d sample, the shear strength was 
measured at two d i f f e r e n t horizons (Table 4.15B). The lower part 
was considerably weaker than the upper p a r t , also showing less 
increase i n s t r e n g t h w i t h time and lower s e n s i t i v i t y . This i s 
a f u n c t i o n of g r a i n s i z e , i . e . the d i f f e r e n c e i n grain size 
between the bottom and the top of the sample. The coarser 
grained lower p a r t i s weaker because, w i t h the normal stress being 
zero, the vane does not mobilize the f r i c t i o n a l component of the 
m a t e r i a l . The f r i c t i o n a l s t r e n g t h of 'granular* t a i l i n g s i s 
considered f u r t h e r i n Section 4.4. 
As w i t h Manvers, the s t r e n g t h and s e n s i t i v i t y of the Morrison 
Busty materials increases w i t h time. I t has been mentioned previously 
(Section 4.3.3.4) that the strength increase i s probably caused by 
the decrease i n voids r a t i o accompanying secondary c o n s o l i d a t i o n . 
I t i s p e r t i n e n t to note t h a t the p o l y f l o c dosed specimen has 
s i m i l a r remoulded strengths to the u n f l o c c u l a t e d one, whereas 
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i n the Manvers sample containing p o l y f l o c the remoulded str e n g t h 
was considerably higher. 
4.3.4.1. Gedling t a i l i n g s 
Three t e s t s were performed on 70 l i t r e s of r e j e c t wet f i n e s 
suspension (washery underflow) from Gedling C o l l i e r y , Nottingham 
(see Figure 1.1). The t a i l i n g s had a moisture content of 
approximately 1,000 per cent, and may have had a small s t a r c h 
content due to r e c y c l i n g of water i n Gedling washery ( s t a r c h i s 
used as a f l o c c u l a n t at Gedling). 
4.3.4.2. Sample composition 
The grading (Figure 4.30) i s s i m i l a r to Manvers t a i l i n g s 
(Figure 4.25), w i t h 20 per cent clay s i z e , 40 per cent s i l t size 
and a very non-uniform grading from clay to coarse sand s i z e . I t 
l i e s between the p a r t i c l e size d i s t r i b u t i o n s f o r the c e n t r a l sample 
from Lagoon 12 at Gedling (Figure 4.17). 
Consistency l i m i t s are s i m i l a r to the c e n t r a l sample from 
Lagoon 12, although the p l a s t i c l i m i t i s s l i g h t l y higher, and 
hence the p l a s t i c i t y index i s r a t h e r smaller (Table 4.13). Both 
l i q u i d and p l a s t i c l i m i t s are, however, considerably higher than 
those of the t a i l i n g s sample from Manvers C o l l i e r y . 
The sample has a carbon content of 38 per cent (Table 4.8), 
which i s a t y p i c a l value f o r t a i l i n g s . I n chemical composition, 
i t i s very s i m i l a r to other t a i l i n g s and lagoon samples, although 
Fe-jO^ and sulphur are on the low side, i n f e r r i n g a low p y r i t e 
content. 
A comparison of the 'raw' t a i l i n g s w i t h the coarse discard 
chemistry (Table 2.1) shows the major d i f f e r e n c e to be one of 
carbon content - 38 per cent f o r the t a i l i n g s and an average of 
10.9 per cent f o r the coarse discard. I n the element oxide r a t i o 
the SiO_/Al_0, and Fe_0,/Al_0, values are lower f o r the t a i l i n g s . 
With the other element oxides, the r a t i o s f o r the t a i l i n g s l i e 
w i t h i n the range of r a t i o s f o r the coarse discard. There would 
appear to be less quartz. (SiC^) and i r o n i n the t a i l i n g s than i f i 
the coarse discard. As the S/A1_0, r a t i o f o r the two materials 
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i s s i m i l a r , suggesting t h a t the p y r i t e content i s s i m i l a r , the 
higher i r o n content of the coarse discard i s probably contained 
i n s i d e r i t e (clay i r o n s t o n e ) . 
4.5.4.5. Consolidation t e s t s 
The r e s u l t s of the three c o n s o l i d a t i o n t e s t s c a r r i e d out are 
given i n Table 4.16 (A-C). The three t e s t s were s l i g h t l y 
d i f f e r e n t to the usual sequence and were as f o l l o w s : -
A - Unflocculated sample, w i t h sediment disturbed 
p r i o r to c o n s o l i d a t i o n . 
B - 0.257 kg/Mg p o l y f l o c 93APA w i t h sample taken 
2 
to an e f f e c t i v e stress l e v e l of only 100 kN/m . 
C - 1.109 kg/Mg f l o c g e l (starch). 
Sample A v/as prepared to discover what e f f e c t s a g i t a t i o n of 
the dense suspension would have, f o l l o w i n g sedimentation. Such 
a g i t a t i o n might be caused i n the f i e l d by v i b r a t i o n s from p l a n t , 
waves on the lagoon ( i f of large enough f e t c h ) or by currents 
set up by the t a i l i n g s i n f l o w . The usual method of sedimentation 
was followed u n t i l the starve of reassembling the Rowe c e l l v/as 
reached. At t h i s stage the sample was disturbed using a 254mm 
diameter metal plate W'lich was o s c i l l a t e d w i t h an amplitude of 
15mm i n a manner such that i t pivoted about a diameter. The 
diameter about which i t pivoted was changed from time to time. 
A f t e r t h i s , the c e l l was assembled and the t e s t proceeded i n 
the normal manner. 
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With Sample B, the pressure v/as taken to only 100 kN/m i n 
small increments. This sample was then vane tested at various 
pressures. I t was necessary to check whether overconsolidation 
TABLE 4.16A 
CONSOLIDATION PARAMETERS 
Sample Gedling t a i l i n g s , u n f l o c c u l a t e d , disturbed sample 
Sp e c i f i c g r a v i t y 1.90 
I n i t i a l dry density 0.407 Mg/nr5 
F i n a l dry density 1.083 Mg/m^  
Pressure 
(kN/m2) 
Voids Ratio m 





0 3.311 - - - -
9.4 1.439 46.30 - - -
18.75 1.044 17.26 -1.31 - -
37.5 0.922 3.20 -0.4l - -
75 0.823 1.37 -0.33 390.1 1.66 X 10' -7 
150 0.738 0.62 -0.28 134.3 2.59 X 10' -8 
300 0.660 0.30 -0.26 300.3 2.79 X 10' -8 
120 0.671 0.04 -0.03 - -
12 0.697 0.14 -0.03 - -
0 0.754 0.28 - - -
p 
Average (75-300kN/m ) 0.76 -0.29 274.9 7.33 X 10' -8 
Average shear s t r e n g t h (kN/m ) 
0 days 30 days Increase Ratio 
m s m s 
Peak 14.8 0.4 32.9 2.4 2.22 
Remoulded 4.9 1.0 7.1 2.5 1.45 
S e n s i t i v i t y 3.0 4.6 
m = mean 
s = standard d e v i a t i o n 
TABLE 4 .16B 
CONSOLIDATION PARAMETERS 
Sample Gedling t a i l i n g s 0.257 kg/Mg P o l y f l o c 93APA 
S p e c i f i c g r a v i t y 1.90 
I n i t i a l dry density 0 .434 Mg/m^  
F i n a l dry density 0.943 Mg/m"' 
Pressure Voids Ratio m Cc Cv K 
(kN/m2) 2
 v 
(m /MN) (m2/YR) (m/sec) 
0 3.37 - - - -
10 .7 1.39 42 .50 - - -
20 1.17 9.86 - 0 . 8 1 231.6 7.10 x 10~ 7 
30 1.10 3.11 - 0 . 3 8 172.2 1.66 x 10~ 7 
40 1.05 2 .36 -0.40 121.0 8.87 x 10" 8 
50 1.01 1.84 - 0 . 3 9 169.4 9.71 x 1 0 ~ 8 
60 0.98 I . 6 9 - 0 . 4 3 290.5 1.53 x 10" 7 
70 0.96 0.84 - 0 . 2 5 6.2 1.62 x 10" 9 
80 0.94 0 .95 - 0 . 3 2 88.0 2 .60 x 10 
90 0.92 1.09 -0.42 29.2 9.94 x 10" 9 
100 0.90 0.88 - 0 . 3 7 1.6 4.48 x 1 0 " 1 0 
50 0.91 0.08 - 0 . 0 3 - -
0 1.01 1.06 - - -
p 
Average (40-100kN/m ) 1.38 - 0 . 3 7 100.8 5.38 x 10" 8 






Sample Gedling t a i l i n g s 1.109 kg/Mg starch 
S p e c i f i c g r a v i t y 1.90 
i n i t i a l dry density 0.460 Mg/mJ 
F i n a l dry density 1.070 Mg/nT5 
Pressure 
(kN/m2) 
Voids Ratio m 





0 3.13 - - - -
9.4 1.40 4.46 - - -
18.75 1.27 5.56 -0.42 122.7 2.12 X 10- 6 
37.5 1.01 6.06 -0.86 161.6 3.04 X 10- 6 
75 0.91 1.38 -0.35 196.6 8.43 X 10- 8 
150 0.81 0.72 -0.34 269.1 6.00 X 10- 8 
300 0.71 0.34 -0.31 527.7 5.66 X I D " 8 
120 0.72 0.04 -0.03 - -
12 0.75 0.16 -0.03 - -
0 0.73 0.97 - - -
p 
Average (?0-300kN/m ) 0.81 -0.33 331.1 6.70 X 10- 8 
Average shear strength (kN/m ) 
0 days 30 days Increase Ratio 
m s m s 
Peak 13.2 2.9 26.4 7.7 2.0 
Remoulded 5.3 0.8 10.7 3.2 2.0 
S e n s i t i v i t y 2.5 2.5 
m = mean s = standard d e v i a t i o n 
Voids Ratio during storage 





v/as a f f e c t i n g vane shear str e n g t h and consequently a low pressure 
range was adopted. Consolidated-undrained t r i a x i a l t e s t s were 
also c a r r i e d out on the sample, i n order to compare w i t h the vane 
t e s t r e s u l t s . 
Sample C was a conventional t e s t except t h a t the sample was 
stored i n a starch s o l u t i o n and the amount of c o n s o l i d a t i o n during 
storage v/as measured. 
4.5.3.4. Pressure/Voids r a t i o 
The l o g pressure/voids r a t i o curves (Figure 4.31) show some 
p e r t i n e n t f e a t u r e s . The starch f l o c c u l a t e d sample reaches a 
2 
s i m i l a r voids r a t i o at 300 kN/m as the Manvers t a i l i n g s . However, 
the gradient of the l i n e i s f l a t t e r f o r the Gedling m a t e r i a l , i . e . 
the voids r a t i o of Gedling t a i l i n g s i s less than Manvers t a i l i n g s 
at lower pressures. The c o n s o l i d a t i o n on storage i s noticeably 
i r r e g u l a r , and v/as complete a f t e r 17 days (Table 4.16C). The 
p o l y f l o c f l o c c u l a t e d specimen f o l l o w s a s i m i l a r path to the 
s t a r c h f l o c c u l a t e d specimen; t h i s i s u n l i k e e i t h e r Manvers or 
Morrison Busty v/here lower voids r a t i o s were a t t a i n e d . 
D i s t u r b i n g the suspension obviously destroys the graded 
bedding. The disturbed unflocculated sample produces the lowest 
voids r a t i o s and v i s u a l examination showed i t to be s i m i l a r to 
the c e n t r a l sample from Lagoon 12 at Gedling. 
The voids r a t i o equivalent to the l i q u i d l i m i t moisture 
content i s a t t a i n e d by the st a r c h f l o c c u l a t e d specimen at 
2 2 150 kN/m and by the disturbed specimen at 75 kN/m . I f 
co n s o l i d a t i o n had been taken f a r enough, the polymer f l o c c u l a t e d 
specimen would presumably have reached the l i q u i d l i m i t at a 
s i m i l a r pressure to the specimen t r e a t e d w i t h s t a r c h . 
I t should be noted t h a t the degree of secondary c o n s o l i d a t i o n 
i s s u f f i c i e n t f o r the moisture content equivalent to be below the 
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p l a s t i c l i m i t of these t a i l i n g s . 
4.3.4.5. Consolidation parameters 
I t i s possible t o compare the parameters f o r the u n f l o c c u l a t e d 
2 
and s t a r c h f l o c c u l a t e d specimens at the 75 kN/m ( i . e . from 37.5 
to 75 kN/m )l o a d i n g stage w i t h the average parameters of the 
2 
p o l y f l o c t r e a t e d specimen over the range 40 - 70 kN/m (Table 4.17). 
I t i s evident t h a t the parameters are s i m i l a r . At t h i s loading 
the disturbed specimen has a higher c y and pe r m e a b i l i t y . This i s 
2 
only t r a n s i e n t at best, because the averages f o r the 75-300 kN/m 
loadings show l i t t l e d i f f e r e n c e between the u n f l o c c u l a t e d disturbed 
sample and the starc h t r e a t e d sample. 
When compared to the other sedimented t a i l i n g s samples 
(Table 4.18) the and Cc parameters are seen to be of the 
same order. The values of and K l i e at the higher end of the 
range. This i s perhaps most marked w i t h the d i s t u r b e d , u n flocculated 
specimen where c^ i s approximately three times as large as the 
values f o r e i t h e r Manvers or Morrison Busty. I t would appear t h a t 
d i s r u p t i o n of graded bedding increases the r a t e of c o n s o l i d a t i o n . 
When compared v/ith the r e s u l t s f o r the c o n s o l i d a t i o n t e s t s 
c a r r i e d out on the m a t e r i a l from the c e n t r a l part of Lagoon 12 
at Gedling, a number of s i g n i f i c a n t p o i n t s a r i s e . F i r s t l y , the 
voids r a t i o s a t t a i n e d by the sedimented samples are not as low 
as those reached by the lagoon samples at s i m i l a r pressures, 
u n t i l the former have been stored f o r t h i r t y days. Secondly, 
the sedimented t a i l i n g s samples display a steeper gradient on 
the l o g pressure-voids r a t i o p l o t . F i n a l l y , the r a t e of 
con s o l i d a t i o n and permeability of the sedimented samples are 
considerably higher (by a f a c t o r of f i v e ) . The most l i k e l y 
reason f o r these d i f f e r e n c e s i s the desiccation to which the 
lagoon samples have been subjected. I n other v/ords, they are 




Gedling t a i l i n g s 37.5 *• 75 kN/m loading stage 
Sample my(m2/MN) Cc Cv(m2/YR) K(m/sec) 
Unfloc. 1.37 -0.33 390.1 1.66 x 10~ 7 
P o l y f l o c 93APA(40-70) 
(0.26 Kg/Mg) 1.68 -0.37 146.8 8.5 x 10" 8 
F l o c b e l ( s t a r c h ) 
(1.11kg/Mg) 1.38 -0.35 196.6 8.43 x 10" 8 
TABLE 4.18 
2 
Table of average values (70 - 300 kN/m ) of co n s o l i d a t i o n 
parameters f o r sedimented samples 
Sample mv(m2/MN) Cc Cv(m2/YR) K(m/sec) 
Manvers Unflocculated 0.57 -0.28 95.7 1.34 X 10 -8 
0.04l.kg/Mg P o l y f l o c O.69 -0.36 155.6 2.82 X 10 -8 
0.135ikg/Mg P o l y f l o c 0.78 -0.35 454.2 8.62 X 10' -8 
0.26 kg/Mg P o l y f l o c 0.98 - 0 . 4 i 7.7 2.24 X 10" -9 
1.25 kg/Mg Starch 1.10 -0.95 71.7 2.69 X 10" -8 
Morrison Busty Unfloc. 0.57 -0.29 74.8 8.63 X 10" -9 
0.177kg/Mg Po l y f l o c 0.77 -0.32 143.4 3.02 •v 10' -8 
1.13 kg/Mg Starch 0.60 -0.25 240.0 3.16 x 10" -8 
Gedling 1.11kg/Mg 
sta r c h O.81 -0.33 331.1 6.70 X 10" -8 
Unfloc. disturbed O.76 -0.29 274.9 7.33 X 10" -8 
are the most representative of a c t u a l lagoons w i l l depend to a 
large extent upon how o f t e n the lagoon d r i e s out during the period 
over v/hich i t i s being f i l l e d . This w i l l obviously depend to a 
large extent on the r a t e of f i l l i n g , the c l i m a t i c conditions 
p r e v a i l i n g , and the permeab i l i t y of the lagoon and i t s containing 
embankments. Some evidence on the matter of desiccation during 
f i l l i n g w i l l be discussed i n the section on vane shear strengths 
of lagoon deposits (Section 4.4). 
4.3.4.6. Vane Shear s t r e n g t h 
The vane strength on unloading i s s i m i l a r f o r the two samples 
2 
taken to e f f e c t i v e pressures of 300 kN/m . Both increase i n 
s t r e n g t h on storage, probably due to the decrease i n voids r a t i o 
on secondary c o n s o l i d a t i o n . I t i s noticeable t h a t the f l o c c u l a t e d 
specimen has a higher remoulded s t r e n g t h , and hence a lower 
s e n s i t i v i t y . The star c h t r e a t e d specimen has a noticeably higher 
s t r e n g t h than e i t h e r of the other two s t a r c h f l o c c u l a t e d t a i l i n g s 
specimens from Manvers and Morrison Busty. The un f l o c c u l a t e d one 
cannot be compared because of i t s mode of preparation (disturbance) 
Since the starch f l o c c u l a t e d specimen which was stored i n 
starc h s o l u t i o n behaved i n a s i m i l a r manner to the other t a i l i n g s 
samples i t i s apparent t h a t leaching e f f e c t s due to supernatant 
p r e c i p i t a t i o n are u n l i k e l y to be of any consequence i n c o l l i e r y 
lagoons. 
I n Table 4.19 the r e s u l t s of a s t a t i s t i c a l c o r r e l a t i o n 
analysis between voids r a t i o and vane shear s t r e n g t h i s given. 
The voids r a t i o on unloading i s the value used, since t h i s i s 
the value which i s relevant to the s i t u a t i o n upon vane t e s t i n g . 
Three groupings of the data are considered, numbers 1, 2 and 3 
i n Table 4.19. I n the f i r s t , a l l the sedimented samples and 
the Gedling Lagoon 12 samples are considered. Here a 93 per cent 
TABLE 4.19 
C o r r e l a t i o n between vane shear s t r e n g t h and f i n a l voids r a t i o 
Sample 
Vane 
shear s t r e n g t h Voids Ratio 
Used i n 




v e r t i c a l d r a i n 23.5 0.557 1 
Gedling lagoon 
12/6 centre 
r a d i a l d r a i n 16.0 0.887 1 
Gedling lagoon 
12/6 o u t l e t 27.2 0.847 1 
Manvers Unfloc. 3-9 1.16 1.2,3 
P o l y f l o c . 93APA 
0.014 kg/Mg 5.6 1.18 1,2,3 
0.26 kg/Mg 10.1 0.80 1,2,3 
Starch 1.25 kg/Mg 7.2 0.90 1,2,3 
Morrison Busty 
Unflocculated 3.7 1.19 1.2 
Pol y f l o c 93APA 
0.177 kg/Mg 6.2 0.70 1,2 
Starch 1.13 k.g/Mg 8.7 0.82 1,2 
Gedling Disturbed 
Unflocculated 14.8 0.754 1,2,3 
0.26 kg/Mg P o l y f l o c . 
(up to 100 kN/m only) 6.0 1.01 1,2,3 
Starch 1.11 kg/Mg ; 13.22 0.78 1,2,3 





C o r r e l a t i o n 
C o e f f i c i e n t 
S ignificance 
(%) 
1 13 -0.6223 95 
2 10 -0.7329 98 
3 7 -0.9024 99.9 
228. 
s i g n i f i c a n c e l e v e l i s reached, i . e . a 1 i n 20 chance of there 
being no c o r r e l a t i o n . Next, only the three sedimented samples 
were c o r r e l a t e d . This gave a 98 per cent s i g n i f i c a n c e l e v e l , 
or a 1 i n 50 chance of no c o r r e l a t i o n . F i n a l l y , the Manvers 
and Gedling sedimented samples were c o r r e l a t e d . These gave a 
99»9 per cent s i g n i f i c a n c e l e v e l or a 1 i n 1,000 chance of no 
c o r r e l a t i o n . 
From these tables i t i s apparent th a t there i s a c o r r e l a t i o n 
between voids r a t i o and vane shear s t r e n g t h . However, there i s 
considerable s c a t t e r when a l l samples are included, as can be 
seen when the points are p l o t t e d on Figure ^.32. The c o r r e l a t i o n 
improves when only samples of s i m i l a r grading are compared ( i . e . 
Manvers and Gedling). This i n f e r s t h a t grading i s also of 
importance, as v/as suggested i n Section k.2.2.k9 
^.J>.5» Comparison of the e f f e c t s of f l o c c u l a n t s upon the voids 
r a t i o of sedimented t a i l i n g s 
Flocculant i n high doses causes the graded bed formed by 
normal sedimentation to be less w e l l developed. I t achieves t h i s 
by causing the f i n e clay p a r t i c l e s to sediment out at a rate 
s i m i l a r to tha t of the coarser p a r t i c l e s . An e f f e c t of t h i s 
poorer s o r t i n g of the sediment i s to produce a lower voids r a t i o 
on c o n s o l i d a t i o n , the voids which would normally be present betv/een 
the l a r g e r p a r t i c l e s being f i l l e d by clay size p a r t i c l e s . Obviously, 
w i t h low f l o c c u l a n t doses, where the sedimentation r a t e i s l e s s , 
t h i s e f f e c t w i l l be less pronounced. I n f a c t , i n the one sample 
tested at varying f l o c c u l a n t dosages, ( i . e . Manvers), there i s 
l i t t l e e f f e c t upon the voids r a t i o u n t i l a f l o c c u l a n t concentration 
of over 0.1^ kg/Mg of Po l y f l o c 93APA i s used. 
The reduction i n voids r a t i o produced by high f l o c c u l a n t 
concentrations has tv/o b e n e f i c i a l e f f e c t s . F i r s t l y , i t reduces 
the moisture content of materials which are c e r t a i n to be saturated 
on formation, so reducing the amount of water trapped i n the lagoon 
sediment. Secondly, i t enables more m a t e r i a l to be contained i n 
the lagoon, i . e . increasing the lagoons capacity, which w i l l 
decrease the area of land required f o r t a i l i n g s disposal. 
Considering the tv/o types of f l o c c u l a n t employed i n these 
experiments P o l y f l o c 93APA ( p o l y e l e c t r o l y t e ) and Flocgel ( s t a r c h ) , 
both cause a reduction i n voids r a t i o . However, starch requires 
a concentration of at least f i v e times t h a t of p o l y e l e c t r o l y t e 
to give the same voids r a t i o . On t h i s basis, t h e r e f o r e , starch 
has no advantage over p o l y e l e c t r o l y t e , as i t s cost per u n i t 
weight i s only one t h i r d to a quarter of t h a t of p o l y e l e c t r o l y t e 
(see footnote, Section 4.3.2.3). 
4.3.6. Summary, the e f f e c t s of f l o c c u l a n t s on the c o n s o l i d a t i o n 
parameters and vane shear s t r e n g t h 
The c o e f f i c i e n t s of c o n s o l i d a t i o n ( c v ) and the permeability 
(K) w i l l be considered f i r s t . They show a considerable v a r i a t i o n , 
(Table 4.].8) w i t h c^ ranging from 7.7 to 4-54.2 m /yr (average 
-9 -8 
values) and K ranging from 2.24 x 10 to 8.62 x 10 m/s 
(average values). I n the case of two of the t a i l i n g s samples, 
Gedling and Morrison Busty, there i s no s i g n i f i c a n t v a r i a t i o n 
between samples f l o c c u l a t e d w i t h P o l y f l o c 93APA and those t r e a t e d 
w i t h s t a r c h (Tables 4.17 and 4 , l 8 ) . With Hanvers, t a i l i n g s the 
s i t u a t i o n i s somewhat more complicated. At a high concentration 
2 
of P o l y f l o c (0.26kg/Mg), c^ and K are low, i . e . 7.7m / y r and 
2.24 x 10~^m/s r e s p e c t i v e l y , while w i t h starch as f l o c c u l a n t , 
2 -8 c v and K are somewhat higher, at 71.7 m / y r and 2.69 x 10 m/s 
r e s p e c t i v e l y . At low P o l y f l o c concentrations ( i . e . below 
2 
0.14 kg/Mg), both c v and K are enhanced (up to 454.2m /y r and 
8.62 x 10" m/s) w i t h Manvers t a i l i n g s . I t w i l l be remembered 
t h a t v/ith Manvers t a i l i n g s , at these concentrations, no reduction 
i n voids r a t i o ( r e l a t i v e to an u n f l o c c u l a t e d sample) was t a k i n g 
place. Presumably the s t r u c t u r e of the clay layer at the top 
of the sedimented sample i s more permeable when formed of 
f l o c c u l e s . 
V/ith respect to the unf l o c c u l a t e d samples, i n one case, 
(Manvers) the high f l o c c u l a n t dosed samples had lower values 
of c^ and K w h i l s t i n the other (Morrison Busty) these parameters 
were higher. 
Turning to the parameters mv and Cc, wi t h both Manvers 
and Morrison Busty t a i l i n g s mv increases w i t h increase i n 
concentration of P o l y f l o c 93APA. With starch as f l o c c u l a n t 
only w i t h Manvers i s there any noticeable increase i n m (Table k. 
v 
Both P o l y f l o c and starch decrease the value of Cc compared to t h a t 
of u n f l o c c u l a t e d m a t e r i a l , Tor Morrison Busty there i s l i t t l e 
change. 
I n terms of shear s t r e n g t h , there i s a s t a t i s t i c a l l y 
s i g n i f i c a n t (99«9 per cent) c o r r e l a t i o n between f i n a l voids 
r a t i o and vane shear stre n g t h f o r materials w i t h s i m i l a r grading 
( i . e . Gedling and Manvers t a i l i n g s ) . The coarser grained Morrison 
Busty m a t e r i a l i s generally weaker than Gedling or Manvers samples 
of s i m i l a r voids r a t i o . This i s presumably due to the smaller 
p r o p o r t i o n of clay size p a r t i c l e s i n the Morrison Busty m a t e r i a l , 
the clay size p a r t i c l e s p r o v i d i n g the cohesive forces which are 
being measured. 
2 
On storage under an e f f e c t i v e s t r e s s of 300 kN/m f o r 30 days 
the unconfined vane stren g t h increases f o r a l l the samples. The 
increase i s greatest w i t h the high f l o c c u l a n t dosed samples. 
The increase i s probably due to the voids r a t i o decrease caused 
by the large degree of secondary c o n s o l i d a t i o n . This secondary 
c o n s o l i d a t i o n can r e s u l t i n a decrease of up to 30 per cent i n 
the voids r a t i o . This large decrease may be due to the breakdown 
of the f l o c c u l a t e d s t r u c t u r e and r e o r i e n t a t i o n of p a r t i c l e s 
under e f f e c t i v e stress conditions during an extended time i n t e r v a l 
Vane shear t e s t s i n c o l l i e r y t a i l i n g s 
1. I n t r o d u c t i o n 
With s o f t deposits, sample disturbance during d r i v i n g of 
the sampling tube i s of t e n excessive. I n these cases, l a b o r a t o r y 
measurement of the undrained shear s t r e n g t h w i l l not be r e l i a b l e . 
I n s i t u measurement of t h i s parameter i s therefore d e s i r a b l e . Of 
the possible techniques, the vane t e s t i s generally considered to 
give the best r e s u l t s . When used i n clays, i t may give values 
some 10 to 15 per cent higher than those measured by consolidated 
undrained t r i a x i a l t e s t on the same sample (Terza^hi and Peck, 
1967). When s i l t and sand layers occur, the s t r e n g t h measured 
by a vane increases considerably, due to p a r t i a l drainage along 
the s i l t or sand l a y e r s . Thus the shear strength as measured 
by a vane becomes u n r e l i a b l e when such deposits are encountered. 
A considerable number of vane t e s t s have been c a r r i e d out 
i n lagoons. Owing to the s o f t nature of lagoon deposits, they 
are d i f f i c u l t to sample without disturbance (except i n the 
desiccated c r u s t ) . The vane, th e r e f o r e i s an a t t r a c t i v e method 
f o r measuring undrained s t r e n g t h . However, lagoon deposits 
contain considerable q u a n t i t i e s of s i l t and sand, o f t e n i n w e l l 
defined laminations, as has been shown i n previous sections of 
t h i s chapter. Vane r e s u l t s are not, t h e r e f o r e , immediately 
i n t e r p r e t a b l e . This section c o n s t i t u t e s an attempt to ex t r a c t 
some u s e f u l i nformation from the previous l y published vane t e s t 
r e s u l t s . 
With normally consolidated deposits, undrained shear s t r e n g t h 
increases l i n e a r l y with depth. This can be shown as f o l l o w s : 
From Figure ^.33, which i s modified from Figure 28.12 i n Lambe 
and Whitman (19&9)j i t can be seen that:= 
, o ^ s i n 0 
i ( 0 i .o. ) . — 2 _ 1 - s i n 0 
where ce^ = t o t a l major p r i n c i p a l stress at f a i l u r e 
o-^  = t o t a l minor p r i n c i p l e stress at f a i l u r e 
o* .= e f f e c t i v e minor p r i n c i p l e stress at f a i l u r e 
t 
0 = e f f e c t i v e angle of shearing resistance 
i 
The cohesion i n t e r c e p t (c' ) i s taken as zero, t h i s being the 
s i t u a t i o n f o r normally consolidated deposits, 
l e t q = | ( C K I - w ) 
i 
then 3 s i n 0 
( 1 - s i n 0') 
With Skempton's pore pressure parameter, A, having a value A^, 
the pore pressure at f a i l u r e , u^, i s given by: 
u f " A f ^ 1 3 
u„ = 2A_ f f q 
Now, u_ = ~ C K J f 3 3 
q = 
(o^ - 2A f q) s i n 0 
q = 
( 1 - s i n 0') 
^ s i n 0 
( 1 + ( 2 A f - l ) s i n 0) 
The term s i n 0 i s a constant 
( 1 + (2A f -1) s i n 0) 
Also, o-'j, the t o t a l pressure, i s p r o p o r t i o n a l to the depth, 
provided t h a t bulk density i s constant. Hence q i s p r o p o r t i o n a l 
to depth. Now q i s the "top p o i n t " of the Mohr's c i c l e , and, as 
shown i n Chapter 2.2.4.1, can be d i r e c t l y r e l a t e d to the shear 
s t r e n g t h . Therefore, undrained shear stre n g t h should increase 
l i n e a r l y v/ith depth. 
I n the case of clays, where undrained loading occurs, 
Skempton (1957) has shown an em p i r i c a l r e l a t i o n s h i p betv/een the 
shear s t r e n g t h ( c ) , the e f f e c t i v e pressure (p) and the p l a s t i c i t y 
index ( P I ) , whereby: 
3 = 0.11 + 0.0037 PI 
p 
This, of course, cannot be expected to apply to s i l t s and sand, 
v/here p a r t i a l d i s s i p a t i o n of pore pressures occurs during the 
shearing process. B l i g h t (1968) has developed a method f o r u s i n ^ 
the vane to measure drained shear s t r e n g t h i n s i l t y s o i l s , but 
t h i s i s not applicable to the current i n v e s t i g a t i o n , as there 
v/as no c o n t r o l over the method i n which the vane was used. I t 
i s d o u b t f u l i f the method would be of use i n c o l l i e r y t a i l i n g s , 
anyway. This i s because the upper, f i n e part of the laminae w i l l 
probably f a i l i n an undrained s t a t e , while the lower, coarser par t 
f a i l s i n a drained mode. 
Thus, to make some sense of the vane r e s u l t s i n c o l l i e r y 
t a i l i n g s , i t was decided to e m p i r i c a l l y c a l i b r a t e a vane i n the 
labo r a t o r y against a l t e r n a t i v e l a b o r a t o r y methods of measuring 
undrained shear strength. I n a d d i t i o n , possible e m p i r i c a l 
overburden 
r e l a t i o n s h i p s between the shear s t r e n g t h and the^pressure v/ere 
i n v e s t i g a t e d . 
4.4.2. Laboratory c a l i b r a t i o n of a vane 
4.4.2.1. Apparatus 
The c a l i b r a t i o n of a vane involved measuring vane shear 
s t r e n g t h i n a t a i l i n g s sample under d i f f e r e n t e f f e c t i v e normal 
pressures. The technique involved a m o d i f i c a t i o n of the apparatus 
2 used to apply a 300 kN/m load to the sedimented t a i l i n g s samples 
during storage (Figure ^ . 3 ^ ) . A hole v/as d r i l l e d i n a 25^ mm 
diameter, 15mm t h i c k , s t e e l d i s c , the hole being some 'i-Omm 
from the perimeter. 
I t was j u s t large enough to allow passage of the vane shank. 
The p l a t e , w i t h the vane i n i t , was then placed on top of the 
sample which v/as loaded v i a the hanger and lever system of a 
0.3 x 0.3m shear-box to the desired stress l e v e l . The motor 
d r i v e of the vane could now be mounted i n place. The sample was 
l e f t f o r one day to consolidate, a f t e r which the vane v/as 
advanced some 20mm i n t o the specimen and the vane s t r e n g t h 
determined. 3oth peak and remoulded strengths v/ere recorded. 
To f i n d the vane s t r e n g t h at d i f f e r e n t normal pressures, the 
apparatus was dismantled and the sample r o t a t e d by 15-20 degrees, 
so that when reassembled the vane v/as i n an undisturbed part of 
the sample. 
With the apparatus shov/n i n Figure ^.3^1 there are tv/o p o i n t s 
which should be explained. The vane mounting frame was erected 
w i t h one end on the hanger and the other end upon the shear-box 
frame. Thus approximately h a l f i t s weight would bear upon the 
sample. A c e r t a i n amount of i t s weight would also be t r a n s m i t t e d 
by f r i c t i o n along the sides of the vane. C a l c u l a t i o n shov/s, 
however, t h a t the v/eight of the vane frame, which v/as lv.l6kg, 
i s very small i n terms of the stress applied to the sample. 
i . e . V/eight of frame = 4.l6kg 
/f .16 
.". A d d i t i o n a l weight on hanger = — ^ — 
(N.B. h a l f of v/eight c a r r i e d on the shear-box frame) 
2 2 Area of sample = 0.127 x jr m 
k.l6 x 9.807 i H/ 2 
. . Pressure = kN/m 
2 x 1,000 x 0.127 2 x Jt 
.". Pressure = O.'-iO kN/m2 
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This amount was, i n f a c t , added to the stress c a l c u l a t e d 
from the lever loading system. Although i t i s only an approximation 
of the stress due to the vane frame ;the e r r o r s i n t h i s f i g u r e w i l l 
be of the same order as those f o r the lev e r loading system and can 
ther e f o r e be ignored. 
The hole i n the s t e e l top p l a t e must produce a region of 
'pressure shadow' i n the sample which may extend i n t o the zone 
being tested by the vane. This i s , however, s i m i l a r t o conditions 
i n the f i e l d , where the tubin g p r o t e c t i n g the vane rods w i l l 
produce a s i m i l a r e f f e c t . A more aggravating e f f e c t of the hole 
i s to produce some sample l o s s . A c e r t a i n amount of sample i s 
forced up through the hole as pressure i s applied. The amount 
however, i s small and can s a f e l y be ignored. 
4.4.2.2. Results 
Two samples were tested using the apparatus o u t l i n e d above. 
Both v/ere sedimented out from a f l o c c u l a n t / t a i l i n g s suspension. 
The f i r s t sample, of Manvers t a i l i n g s v/as consolidated i n the 
2 
Rov/e c e l l to 300 kN/m » but not stored. A f t e r the vane t e s t s 
v/ere c a r r i e d out at varying normal stresses, 60 x 60mm specimens 
v/ere c a r e f u l l y cut from the sample and placed i n a 60 x 60mm 
shear-box w i t h the minimum of disturbance. A normal stress v/as 
now applied, and the sample allowed t o consolidate. The sample 
v/as then sheared at a r a t e of s t r a i n s i m i l a r to t h a t of the vane. 
This r a t e was chosen to t r y and ensure p a r i t y i n pore pressure 
d i s s i p a t i o n . 
The r e s u l t s (Figure 4.35) show the shear s t r e n g t h as measured 
i n the shear-box i s considerably higher than the vane shear 
s t r e n g t h . 
The second sample, of Gedling t a i l i n g s was only consolidated 
2 
to 100 kN/rn . This was to remove the possible e f f e c t s of over-
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c o n s o l i d a t i o n at the higher pressures. This sample was subjected 
to a consolidated-undrained t r i a x i a l t e s t a f t e r completion of the 
vane t e s t s . The s t r a i n r a t e was again s i m i l a r to that of the vane. 
Bishop and Henkel (1962) show t h a t shear s t r e n g t h can vary w i t h 
r a t e of s t r a i n . The r e s u l t s (Figure 4.36) imply that the 
consolidated-undrained t r i a x i a l r e s u l t s are higher than those 
obtained, w i t h the vane. 
Considering both sets of r e s u l t s , i t can be seen th a t i t i s 
the remoulded shear s t r e n g t h r e s u l t s which f o l l o w Skempton's 
(1957) r e l a t i o n : 
3 = 0.11 + 0.0037PI 
P 
With clays, the remoulded s t r e n g t h o f t e n f o l l o w s the r e l a t i o n 
— = 0.3 "* ®m®^ (Lambe and Whitman, 1969). However, w i t h materials 
P 
such as c o l l i e r y t a i l i n g s w i t h low p l a s t i c i t y i n d i c e s , Skempton's 
r e l a t i o n f o r peak s t r e n g t h gives lower values of c. I n f a c t , as 
can be seen from Figures 4.35 and 4.36, the peak s t r e n g t h f o l l o w s 
the — = 0.3 r e l a t i o n f a i r l y c l o s e l y . 
P 
For overconsolidated clays, the t o t a l s tress f a i l u r e 
envelope f o r consolidated undrained t e s t s i s of the form shown 
i n Figure 4.37« I t i s not possible to discern an overconsolidated 
shear s t r e n g t h envelope f o r e i t h e r of the two samples. Presumably 
the s t r e n g t h increase due to overconsolidation i s less than the 
s c a t t e r i n the t e s t r e s u l t s . 
As mentioned p r e v i o u s l y , both shear-box and t r i a x i a l t e s t i n g 
techniques give higher shear strength than those obtained w i t h the 
vane. I t would appear then, t h a t the vane underestimates the shear 
s t r e n g t h of graded laminated m a t e r i a l s . 
I t i s i n t e r e s t i n g t h a t although the samples have d i f f e r i n g 
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voids r a t i o s (Tables 4.14D and 4.16B)* they both f o l l o w s i m i l a r 
shear s t r e n g t h r e l a t i o n s h i p s w i t h depth i . e . — = 0.3 (peak); 
P 
— = f (PI) (remoulded s t r e n g t h ) . This i s due to the f r i c t i o n a l 
P 
component of the strength being mobilized as e f f e c t i v e normal 
pressure i s applied.(The voids ratio/vane shear s t r e n g t h r e l a t i o n 
s h i ^ i i s c u s s e d i n Section 4.3.4.6. i s probably only operative at 
zero normal pressures where only cohesive forces are o p e r a t i v e ) . 
As pointed out by Lambe and Whitman (1969),the use of 'c' to denote 
the shear s t r e n g t h of a consolidated undrained t e s t i s misleading. 
However, i t has been used so of t e n i n the l i t e r a t u r e t h a t i t has 
been used here to prevent confusion. 
4.4.3. F i e l d vane r e s u l t s 
4.4.3.1. I n t r o d u c t i o n 
F i e l d vane r e s u l t s f o r a number cf lagoons have been p l o t t e d 
i n Figures 4.40 - 4.49. These r e s u l t s have been taken from 
reports to the National Coal Board by Messrs. Wimpey Laboratories 
Ltd . and S i r William Halcrow and Partners. The Laboratory r e s u l t s 
f o r Manvers and Gedling are also shown (Figures 4.38 and 4.39) i n 
terms of c against equivalent depth. 
There are several d i f f i c u l t i e s when computing c /p l i n e s . 
'With the v a r i a b i l i t y i n the nature of lagoon deposits, the 
p l a s t i c i t y index w i l l vary considerably. Thus, the values f o r 
a borehole i n one part of a lagoon cannot be expected to apply 
to a d i f f e r e n t part of the same lagoon. Again, i f the i n l e t and 
o u t l e t have been i n much the same p o s i t i o n during the f i l l i n g of 
the lagoon, the mean values of bulk density and p l a s t i c i t y index 
* I t should be remembered that the Gedling sample was not over-
consolidated i n i t i a l l y to the same degree as the Manvers sample. At 
2 
higher pressures (over 100 kN/m )» i t w i l l therefore consolidate to 
a greater extent than the Manvers sample. The Gedling sample v / i l l 
t h e r e f o r e have an even lower voids r a t i o than the Manvers Sample. 
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may remain constant i n a v e r t i c a l d i r e c t i o n , but there w i l l s t i l l 
be considerable v a r i a b i l i t y i n l i t h o l o g y and p r o p e r t i e s e.g. 
the U100 from Lagoon 8, Cadeby, Figure ^.3. Since lagoon deposits 
generally have low bulk d e n s i t i e s , the p o s i t i o n of the water ta b l e 
at the time of a vane t e s t w i l l be of great importance. The 
water ta b l e p o s i t i o n i s not always recorded. Furthermore, where 
piezometers are i n s t a l l e d , piezometric v/ater l e v e l s can o f t e n 
be seen to decrease w i t h depth i n the lagoon. Where t h i s happens, 
e i t h e r perched water tables or zones of excess pore pressure must 
be present. 
Bearing a l l these f a c t o r s i n mind i t w i l l be appreciated 
t h a t the f o l l o w i n g i n t e r p r e t a t i o n s of f i e l d data involve some 
hi g h l y speculative elements. Nevertheless, i t w i l l be shov/n th a t 
a number of features can be resolved which help i n the o v e r a l l 
understanding of what are generally reported as "shear s t r e n g t h 
trends". 
/+.^.3.2. Gedling Lagoon (East Tip) 
Figure ^.^0 shows the r e s u l t s of two vane t e s t s i n two bore-
holes (E7 and E8) near the i n l e t of the ol d East Tip Lagoon. 
Results of another borehole, E15i p o s i t i o n e d near the o u t l e t , 
are shov/n i n Figure k.k\. 
Borehole E8 v/as at the side of the lagoon, where the depth 
of t a i l i n g s i s only k metres. At p o s i t i o n E7, there v/as some 
16 metres of t a i l i n g s . Piezometers i n the boreholes i n d i c a t e 
t h a t there i s no continuous ground water t a b l e . A piezometer 
at l 6 metres depth showed a v/ater l e v e l of a s i m i l a r depth. I n 
comparison, one at 9.2 metres depth showed a water l e v e l 3-5 
metres below ground l e v e l . 
I t i s demonstrated on Figure ^ .^ O tha t the E7 peak shear 
st r e n g t h r e s u l t s down to a depth of 8.5 metres f o l l o w the r e l a t i o n 
— = 0.3 where the pressure is computed on a t o t a l stress basis. 
P c 
The remoulded str e n g t h f o l l o w s the — = f (PI) l i n e . Below 
P 
3.5 metres, the peak s t r e n g t h increases beyond th a t p r e d icted 
Q 
by the l i n e — = 0.3. The water pressure at 9.2 metres depth 
P 
appears to have no e f f e c t on the measured shear s t r e n g t h . 
I n borehole E8, the shear ft-rength approximately f o l l o w s 
a l i n e defined by — = tan 31°,s being the shear s t r e n g t h , and 
P 
31 degrees being the drained angle of shearing resistance of 
the t a i l i n g s at the i n l e t end. I t would seem tha t v/ith the 
coarse, free d r a i n i n g , materials at the i n l e t end of t h i s lagoon, 
the vane i s m o b i l i z i n g the drained shear s t r e n g t h of the m a t e r i a l . 
This e f f e c t w i l l be met again at Grimethorpe Lagoon l 6 (Section 
^.'+.3.3. That the vane can measure drained shear s t r e n g t h was 
shown by B l i g h t (1968). 
I t i s i n t e r e s t i n g to note t h a t , i n Borehole E7, the peak 
shear s t r e n g t h below 8.5 metres approximately f o l l o w s a l i n e 
5 O 
which i s p a r a l l e l to the l i n e — = tan 31 , but the values l i e 
P 
below i t . This e f f e c t could be caused by there being a constant 
excess pore pressure of km2 metres of water, below 8.5 metres 
(see Figure ^ . ^ 0 ) , w i t h the vane m o b i l i z i n g a shear s t r e n g t h 
s o 
of = tan 31 • This would presumably require the m a t e r i a l 
(p-u) 
below 8.5 metres to be coarser than that above t h i s depth. 
Having thus postulated a change i n m a t e r i a l p r o p e r t i e s , i t must 
be admitted t h a t a change i n a d i f f e r e n t property could also 
account f o r the increase i n shear strengths, v i z : t h a t the bulk 
density of the m a t e r i a l belov/8.5 metres i s higher than the bulk 
density above t h i s depth. A higher bulk density would produce 
an increase i n the pressure g r a d i e n t . This, i n t u r n , should 
lead to a more r a p i d r i s e i n shear s t r e n g t h w i t h depth. 
At the o u t l e t end (Figure k.kl) the s i t u a t i o n i s less w e l l 
known than at the i n l e t end. Neither water l e v e l or piezometer 
readings are a v a i l a b l e . Lines have been drawn d e p i c t i n g the 
— r e l a t i o n i n terms of f ( P I ) , 0.3 and tan 31° (the angle of 
P 
shearing r e s i s t a n c e ) . Both t o t a l and e f f e c t i v e s t r e s s ( w i t h 
v/ater t a b l e at the surface) conditions are shown. I n the absence 
of excess pore pressures the e a r l i e r f i n d i n g s would suggest t h a t 
peak s t r e n g t h values should not l i e below the — = f ( P I ) l i n e . 
P 
although normally consolidated clays f o l l o w t h i s r e l a t i o n s h i p , 
i t has been shown i n the previous section that i n the case of 
t a i l i n g s i t i s the remoulded vane shear strength which agrees 
c l o s e l y v/ith i t . Peak vane shear strengths of t a i l i n g s l i e above 
i t . Considering the a c t u a l r e s u l t s , no points do i n f a c t l i e 
below the f ( P l ) e f f e c t i v e stress l i n e . Hov/ever, i t i s obvious 
t h a t there i s a great deal of s c a t t e r . This could i n d i c a t e large 
v a r i a t i o n s i n the l i t h o l o g y of the deposit or could be due to 
desiccation producing a higher overconsolidated shear s t r e n g t h . 
As f a r as i s known, the p o s i t i o n of the i n l e t and o u t l e t of the 
lagoon d i d not vary considerably. Some of the r e s u l t s , hov/ever, 
yive strengths above the tan 31° e f f e c t i v e shear s t r e n g t h l i n e . 
This v/ould necessitate coarse free d r a i n i n g m a t e r i a l to be 
present, which i s u n l i k e l y at t h i s end of the lagoon. Thus, the 
high strengths are more l i k e l y to be due to d e s i c c a t i o n . An 
a l t e r n a t i v e explanation i s that t o t a l s tress conditions apply, 
the values below the f ( P I ) t o t a l stress l i n e being a f u n c t i o n 
of r e s t r i c t e d zones of excess pore pressure. 
4.4.3.3. Grimethorpe Lagoon 16 
Grimethorpe No. l 6 lagoon i s unusual. I t i s constructed 
on a f l o o r of impermeable clay and has a highly permeable bank 
at the o u t l e t end (National Coal Board, 1972). The r e s u l t s of 
vane t e s t s i n four p o s i t i o n s i n the lagoon are shov/n i n Figure h.k2. 
Only peak s t r e n g t h values are a v a i l a b l e . The p o s i t i o n of the 
v/ater t a b l e i s known at both the i n l e t and o u t l e t t e s t i n g 
p o s i t i o n s . 
Between the i n l e t and the centre of the lagoon a s i g n i f i c a n t 
shear s t r e n g t h progression can be elu c i d a t e d . The shear strengths 
which l i e about a — = tan 0 l i n e at the i n l e t ( w i t h a noticeable 
P c kink at the water t a b l e ) move to a l i n e where — = 0.3 between 
P c 
i n l e t and centre, and to betv/een t h i s l i n e and the — = f ( P I ) 
P 
l i n e at the centre. The cause i s the gradual f i n i n g of the deposits. 
At the o u t l e t , i n the upper 3 metres, the values show a 
r e l a t i o n s h i p s i m i l a r to th a t of the c e n t r a l m a t e r i a l . However, 
below 3 metres, the shear strengths are considerably higher. 
This i s probably due to des i c c a t i o n . I t i s noticeable that the 
deepest r e s u l t s f o r the c e n t r a l part are also higher than i s usual. 
^.'+.3-^. Blidworth lagoon, o u t l e t 
The r e s u l t s from t h i s lagoon are a l l from shallow depths 
near the o u t l e t (Figure **.^ 3)« Of the ten r e s u l t s , s i x l i e close 
to the — = 0.3 l i n e ( t o t a l s t r e s s e s ) , one l i e s on the f ( P I ) l i n e , 
P 
and three about or above the tan 0 l i n e . I t would appear th a t 
t o t a l s t r e s s conditions apply, i . e . there i s no v/ater t a b l e . 
The higher shear strengths t h a t were measured are probably due 
to desiccation e f f e c t s during periods of drying out. 
^ . ; l .3.5» K i n n e i l Lagoon 22/2 S, o u t l e t 
The shear strengths of K i n n e i l lagoon 22/2S at i t s o u t l e t 
end (Figure 4.Mf), l i e about or above the f ( P l ) l i n e , where 
pressures are ca l c u l a t e d on a t o t a l s tress basis. The grading 
of t h i s p o r t i o n of the lagoon i s very f i n e grained ( f o r lagoon 
m a t e r i a l s ) , v/ith ^0 per cent clay size p a r t i c l e s , as mentioned 
previously (Section ^.2.2). With such a large clay f r a c t i o n , 
the m a t e r i a l might be expected to f o l l o w the — = f ( P I ) r a t i o , 
P 
as t h i s r a t i o describes clays. The large number of strengths 
exceeding the r a t i o are probably a feature of considerable 
d e s i c c a t i o n . 
^.^-.3.6. Williamthorpe Lagoon 6 
This lagoon i s known to comprise two major d i v i s i o n s . The 
lower one, below 9 metres depth, consists of t a i l i n g s discharged 
from an adjacent lagoon. The upper l a y e r , which i s 9 metres 
t h i c k consists of t a i l i n g s deposited i n the conventional manner. 
Figure .^'+5 shows the r e s u l t s of vane t e s t s i n three l o c a t i o n s 
near the centre of the lagoon. 
By comparison v/ith Grimethorpe, the shear s t r e n g t h measured 
at t h i s l o c a t i o n i n the lagoon should l i e between the - = f ( P I ) 
c P and — = 0.3 l i n e s . They should c e r t a i n l y l i e above the former 
P 
l i n e which describes clays or remoulded t a i l i n g s shear s t r e n g t h 
values. Even v/hen i t i s assumed that the water t a b l e i s at 
the surface, Figure k.k^ shows t h a t t h i s s i t u a t i o n only obtains 
below 10 metres i n depth. This means that above t h i s depth up 
to the base of the desiccated crust the m a t e r i a l i s under-
consolidated i . e . excess pore pressures have not d i s s i p a t e d , 
thus preventing c o n s o l i d a t i o n . Minimum values of excess pore 
pressure are shown i n Figure ^.^5 alongside the vane r e s u l t s . 
These are cal c u l a t e d using the d i f f e r e n c e between the e f f e c t i v e 
pressure at a given depth and the e f f e c t i v e pressure required 
to give the strength at tha t depth using the r e l a t i o n s h i p 
3 = f ( P I ) . 
p 
h.k.3.7. Cadeby 
The vane r e s u l t s f o r several p o s i t i o n s i n Lagoons 1,3,^,5 an 
8 are p l o t t e d i n Figure '+.'+6. Values of p l a s t i c i t y index and 
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bulk density are only known f o r two l o c a t i o n s i n Lagoon 8. 
I t can be seen that there i s considerable s c a t t e r . As there 
i s so l i t t l e i n f o r m a t i o n on p l a s t i c i t y indices and bulk d e n s i t i e s 
i t i s not possible to i n t e r p r e t these r e s u l t s , other than to show 
th a t the average shear stre n g t h shows a general increase w i t h depth. 
More d e t a i l e d examinations are possible f o r Lagoon 9 and f o r 
two vane p o s i t i o n s ( F l and F2) i n Lagoon 8.In Lagoon 9i the two 
block samples A and B (Figure 4.2) were taken i n the same l o c a l i t y 
as the vane t e s t s . I n Lagoon 8, p l a s t i c i t y indices and bulk 
d e n s i t i e s v/ere recorded at Locations F l and F2 during the vane 
t e s t s . 
The vane r e s u l t s f o r Lagoon 9 are shown i n Figure 4.47. 
The Pilco n handvane r e s u l t s i n the excavated face of t h i s lagoon 
(Table 4.1) are also included. Taking average values derived 
from block samples A and 3, and c a l c u l a t i n g on a t o t a l stress 
basis, i t can be seen th a t the r e s u l t s l i e on or above the 
— = f ( P l ) l i n e . As there was no v i s i b l e seepage from the 
P 
excavated face, i t can be assumed t h a t no water t a b l e v/as present 
i n the area behind the face where the vane t e s t s were conducted. 
Of the three hand vane r e s u l t s , the one at 1.1m depth l i e s on 
the f ( P I ) l i n e . This v/as i n a fi n e - g r a i n e d layer i n the face. 
Many of the vane r e s u l t s l i e above the shear s t r e n g t h a t t r i b u t a b l e 
i 
t o 0 . I t would appear th a t considerable desiccation has taken 
place. 
I n Figure 4.48, the vane r e s u l t s f o r p o s i t i o n s F l and F2 
i n Lagoon 8 are shown. At p o s i t i o n F l the values of p l a s t i c i t y 
index and bulk density are known down to a depth of 3-75 metres. 
— l i n e s have been drawn using the values f o r each depth. Below 
P 
3.75 metres an average value has had to be used. For p o s i t i o n F2 
o n l y the average v a l u e s o f the two v a r i a b l e s are a v a i l a b l e . The 
two vane s t r e n g t h p r o f i l e s show d i f f e r e n t t r e n d s . I n F l , down 
t o 1.5 metres depth the v a l u e s f o l l o w t h e l i n e — = 0.3» 
P 
computed on an e f f e c t i v e s t r e s s b a s i s w i t h a water t a b l e a t the 
s u r f a c e . O b s e r v a t i o n s i n t h i s lagoon d u r i n g t h e s i n k i n g o f t h e 
U100 mentioned p r e v i o u s l y ( o e c t i o n '+.2.1.2) showed t h a t i t was 
p o s s i b l e t h a t t h e r e was a water t a b l e a t , or near, t h e s u r f a c e . 
Below 1.5 metres t h e s t r e n g t h v a l u e s drop, so t h a t below 2.5 
metres t h e y f a l l below t h e f ( P l ) l i n e . I t would appear t h a t 
excess pore p r e s s u r e s must be p r e s e n t h e r e , i n a s i m i l a r manner 
t o V / i l l i a m t h o r p e . I t i s n o t i c e a b l e t h a t t h e remoulded s t r e n g t h s 
f o l l o w t h e f ( P I ) l i n e t o 1.5 metres d e p t h , b e f o r e d r o p p i n g below 
i t . I t v / i l l be remembered t h a t i n t h e l a b o r a t o r y t e s t s , peak 
shear s t r e n g t h f o l l o w e d t h e — = 0 . 3 r e l a t i o n s h i p and remoulded 
c P 
r e s u l t s f o l l o w e d t h e — = f ( P I ) c o n v e n t i o n . 
P c The F2 p r o f i l e i s c l o s e t o t h e r e l e v a n t — = 0.3 l i n e a t 
P 
0.5 metres. I t then f a l l s beneath i t , b e f o r e r e j o i n i n g t h i s 
l i n e a t k metres depth. Because t h e r e are o n l y average v a l u e s 
o f P I and b u l k d e n s i t y f o r the t o p 0.95 metres, i t i s not p o s s i b l 
t o be p r e c i s e as t o v/here t h e r e l e v a n t l i n e s f a l l . However, i t 
i s apparent t h a t between 1 and 3 metres depth the shear s t r e n g t h 
v a l u e s l i e w e l l below t h e i r expected l e v e l s . I t c o u l d be t h a t 
a n o t h e r a r e a o f excess pore p r e s s u r e e x i s t s a t t h i s h o r i z o n . 
These two vane p o s i t i o n s are on t h e same s i d e o f t h e l a g o o n , 
and suggest t h a t excess pore p r e s s u r e s can be f a i r l y l o c a l i s e d , 
t h e excess pore p r e s s u r e areas b e i n g a t d i f f e r e n t depths i n 
t h e two b o r e h o l e s . 
^.•'4.3.8. Denby H a l l Lagoon C 
Vane p r o f i l e s from t h r e e l o c a t i o n s i n Lagoon C, Denby H a l l , 
are shown i n F i g u r e ^-.^9. An average v a l u e o f b u l k d e n s i t y i s 
a v a i l a b l e and an average p l a s t i c i t y i n d e x f o r some c l a y e y bands. 
2^5. 
I t i s r e c o r d e d i n t h e r e p o r t ( S i r W i l l i a m Halcrow and P a r t n e r s , 
1972) t h a t t h e c o a r s e r bands a t t h e n o r t h e r n ( i n l e t ) end o f the 
lagoon are n o n - p l a s t i c . A d e s i c c a t e d c r u s t o f a t l e a s t 0.75 m 
t h i c k n e s s occurs a t t h e n o r t h e r n end o f t h e l a g o o n . 
Grading curves from t h e i n l e t end a r e s i m i l a r t o those 
f o r the G e d l i n g and Hanvers t a i l i n g s . At the o u t l e t some ^0 per 
cent o f c l a y s i z e and 50 per cent s i l t s i z e p a r t i c l e s are p r e s e n t , 
t h e g r a d i n g b e i n g s i m i l a r t o t h a t o b t a i n e d f o r the sample t a k e n 
a t t h e o u t l e t o f G e d l i n g Lagoon 12. 
C o n s i d e r i n g f i r s t t h e o u t l e t end, t h e p l a s t i c i t y i ndex may 
be taken as b e i n g c l o s e t o t h e average c l a y band l a y e r . Dov/n 
t o a depth o f h metres, t h e v a l u e s are s c a t t e r e d w i t h a range 
which covers an area from below t h e e f f e c t i v e s t r e s s f ( P I ) l i n e 
t o the — = 0.3 t o t a l s t r e s s l i n e . Below h metres t h e s t r e n g t h s 
P 
c l u s t e r about and below t h e two e f f e c t i v e s t r e s s l i n e s . 
Presumably the v a l u e s below the e f f e c t i v e s t r e s s f ( P I ) l i n e are 
due t o u n d e r - c o n s o l i d a t e d m a t e r i a l s which have developed h i g h pore 
p r e s s u r e s . The change from t o t a l s t r e s s t o e f f e c t i v e s t r e s s which 
appears t o occur i n one o f t h e vane p r o f i l e s c o u l d be due t o t h e 
vane p e n e t r a t i n g an a q u i f e r which i s connected t o a v/ater t a b l e 
a t the s u r f a c e . 
T u r n i n g now t o t h e i n l e t end which has a s i m i l a r g r a d i n g 
t o the samples t e s t e d by t h e w r i t e r i n t h e l a b o r a t o r y vane shear 
s t r e n g t h / n o r m a l p r e s s u r e s t u d y , i t might be expected t h a t the 
f i e l d samples s h o u l d behave i n a s i m i l a r manner. I f a water 
t a b l e a t 1 metre depth i s p o s t u l a t e d , i t can be seen t h a t t h e 
remoulded s t r e n g t h s do, i n f a c t , f o l l o w t h e — = f ( P I ) r e l a t i o n 
P 
which i s c o m p a t i b l e w i t h t h e l a b o r a t o r y e xperiment. I f a 
p l a s t i c i t y i n d e x o f 13 i s employed, i . e . a l l o w i n g f o r the non-
p l a s t i c l a y e r s i n t h i s p a r t o f the l a g o o n , t h e f i t i s improved. 
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The peak shear s t r e n g t h s however, are much h i g h e r t h a n t h e v a l u e s 
Q 
p r e d i c t e d by the r e l a t i o n — = 0.3. T h i s c o u l d a g a i n be due t o 
P 
d e s i c c a t i o n . C o n s i d e r i n g t h e vane shear s t r e n g t h p r o f i l e s i n 
th e c e n t r a l p a r t o f t h e la g o o n , they are seen t o be ve r y s i m i l a r 
t o those a t t h e i n l e t . They can presumably be accounted f o r i n 
a s i m i l a r manner, i . e . a v/ater t a b l e a t 1 metre d e p t h , w i t h 
d e s i c c a t i o n o f t h e lagoon d u r i n g f i l l i n g . 
4.4.4, Summary o f L a b o r a t o r y and f i e l d vane shear s t r e n g t h s 
o f Lagoon d e p o s i t s . 
I t has been shown t h a t , i n t h e l a b o r a t o r y , the vane shear 
s t r e n g t h o f two t a i l i n g s samples i n c r e a s e d w i t h i n c r e a s i n g p r e s s u r e . 
The peak shear s t r e n g t h s c o u l d be approximated by t h e r e l a t i o n 
— = 0.3, w h i l e the remoulded s t r e n g t h s f o l l o w e d a l i n e d e f i n e d 
x> 
•*• c 
by — = 0.11 + 0.0037 P I . Compared t o o t h e r methods o f d e t e r m i n i n g 
shear s t r e n g t h , ( i . e . c o n s o l i d a t e d u n d r a i n e d t r i a x i a l and shear-
box t e s t s , r u n a t r a t e s s i m i l a r t o t h a t o f the vane), the vane 
u n d e r e s t i m a t e s t h e shear s t r e n g t h o f t h e t a i l i n g s . T h i s i s i n 
c o n t r a s t t o t h e s i t u a t i o n i n c l a y s , where the vane g i v e s a h i g h e r 
v a l u e o f shear s t r e n g t h . 
I n the f i e l d , t h e vane s t r e n g t h s f o l l o w e d t h e r e l a t i o n s h i p s 
found i n t h e l a b o r a t o r y o n l y i n some o f the cases. At t h e i n l e t 
o f a few lagoons, where t h e t a i l i n g s are c o a r s e s t , t h e vane 
may be m o b i l i z i n g t h e s t r e n g t h due t o t h e d r a i n e d angle o f s h e a r i n g 
r e s i s t a n c e (0 ) , w h i l s t a t the o u t l e t end, where t h e t a i l i n g s 
are f i n e s t , t h e vane shear s t r e n g t h tends t o l i e between the 
c c two r e l a t i o n s — = 0.3 and — = f ( P I ) . 
P P 
With such a v a r i a t i o n i n p o s s i b l e shear s t r e n g t h v a l u e s , 
i t i s o b v i o u s l y not p o s s i b l e t o i n t e r p r e t the vane shear s t r e n g t h s 
p r e c i s e l y . F u r t h e r d i f f i c u l t i e s a r i s e i f v a l u e s o f p l a s t i c i t y 
i n d e x , b u l k d e n s i t y o r t h e water t a b l e p o s i t i o n are unknown i n 
2^7 
t h e v i c i n i t y o f the vane t e s t . However, p r o v i d e d an a p p r o x i m a t i o n 
f o r these v a l u e s can be made i t i s p o s s i b l e t o conclude t h a t the 
shear s t r e n g t h s h o u l d not l i e below a va l u e predi c t e d by the 
r e l a t i o n — = f ( P I ) or above t h e v a l u e p r e d i c t e d by t h e r e l a t i o n 
P 
— = t a n 0 . I f the shear s t r e n g t h does l i e o u t s i d e these v a l u e s , 
P 
i t i s p r o b a b l e t h a t , i n t h e former case, the m a t e r i a l i s s u b j e c t 
t o excess pore p r e s s u r e s which may be due t o u n d e r - c o n s o l i d a t i o n . 
I n t h e l a t t e r case, d e s i c c a t i o n may be suspected, i . e . t h e 
m a t e r i a l w i l l be o v e r - c o n s o l i d a t e d . 
^.5. C o l l i e r y Lagoons - c o n c l u s i o n s 
I t has been shown t h a t lagoon d e p o s i t s can be v e r y v a r i a b l e 
indeed, e s p e c i a l l y i n a l a t e r a l d i r e c t i o n . Lar,,e-scale d i s t u r b a n c e s 
are p o s s i b l e i n t h e sediments, which may vary from d i s t i n c t l y 
l a m i n a t e d beds w i t h r^ood graded bedding t o v i s u a l l y homogenous 
d e p o s i t s . On t h e s c a l e o f the c o n s o l i d a t i o n t e s t s , i . e . up t o 
25'+mm by *i-Omm t h e r e i s no marked a n i s o t r o p y i n c o n s o l i d a t i o n 
parameters. However, on a l a r g e r s c a l e , t h e r e i s some evidence 
f o r a q u i f e r s and aquicludes b e i n g developed, w i t h t h e a q u i f e r s 
b e i n g l e n s o i d i n p l a c e s . T h i s f e a t u r e would p o i n t t o l a r g e - s c a l e 
a n i s t r o p y . These f e a t u r e s o f lagoon m a t e r i a l s are due t o the 
d e l t a i c regime under which they are d e p o s i t e d . 
C o n s i d e r a b l e v a r i a t i o n i n some c o n s o l i d a t i o n parameters 
occurs l a t e r a l l y i n a lagoon . P r o g r e s s i n g from i n l e t t o o u t l e t , 
t h e c o e f f i c i e n t o f volume c o m p r e s s i b i l i t y , m^, shows l i t t l e change, 
v / h i l s t t h e c o e f f i c i e n t o f c o n s o l i d a t i o n , c , decreases. The 
v 
decrease i n t h e l a t t e r i s very marked. At t h e i n l e t end i t 
2 2 g e n e r a l l y ranges from kOO - 600 m / y r d r o p p i n g t o 10 - *K)m / y r 
a t t h e o u t l e t end. These v a r i a t i o n s are e v i d e n t from the Rowe 
c e l l work, but are not h i g h l i g h t e d by t h e c o n v e n t i o n a l oedorneter 
used f o r r o u t i n e i n v e s t i g a t i o n s , m a i n l y because the oedometer 
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sample (I0::i:.i t h i c k a t the most) i s t h i n n e r than t h e l a m i n a t i o n s 
p r e v a l e n t i n lagoons. 
F l o c c u l a n t s have been shown t o produce a r e d u c t i o n i n v o i d s 
r a t i o , when t h e i r c o n c e n t r a t i o n i s s u f f i c i e n t l y h i g h . The 
r e d u c t i o n i s a t t r i b u t a b l e t o t h e p o o r e r graded bedding (compared 
t o u n f l o c c u l a t e d m a t e r i a l s ) which i s produced by t h e i n c r e a s e d 
r a t e o f s e d i m e n t a t i o n o f t h e s i l t / c l a y p a r t i c l e s . A s i m i l a r 
r e d u c t i o n i n v o i d s r a t i o can be induced by d i s t u r b i n g r e c e n t l y 
sedimented, u n f l o c c u l a t e d m a t e r i a l . 
The e f f e c t o f f l o c c u l a n t s upon the c o n s o l i d a t i o n parameters 
i s somewhat v a r i a b l e . The polymer f l o c c u l a n t P o l y f l o c 93APA 
shows a p o s i t i v e s t a t i s t i c a l c o r r e l a t i o n between i t s c o n c e n t r a t i o n 
and m^. .Starch does not appear t o show any c o n s i s t a n t v a r i a t i o n 
w i t h m . v 
N e i t h e r f l o c c u l a n t t y p e produces a c o n s i s t e n t change i n C . 
c 
I n terms o f c o e f f i c i e n t o f c o n s o l i d a t i o n ( c ^ ) , and t h e c l o s e l y 
r e l a t e d p e r m e a b i l i t y ( K ) , i t appears t h a t , a t h i g h doses, polymer 
g i v e s v a l u e s which are i n one case (Manvers) s m a l l e r t h a n those 
o b t a i n i n g w i t h s t a r c h v/hile i n t h e r e m a i n i n g case ( M o r r i s o n B u s t y ) 
t h e r e i s no s i g n i f i c a n t d i f f e r e n c e . I n some cases u n f l o c c u l a t e d 
m a t e r i a l s have s m a l l e r v a l u e s , i n o t h e r s , g r e a t e r . I n t h e case o f 
t h e one specimen (Manvers) which was t e s t e d w i t h v a r y i n g polymer 
c o n c e n t r a t i o n s , c^ and K i n c r e a s e t o a peak near 0.14kg o f 
f l o c c u l a n t t o lHg o f dry t a i l i n g s , and then r a p i d l y drops away. 
Jov/ett and Chopra (1974) n o t e d a p e r m e a b i l i t y peak a t 0.02Ug/Hg 
w i t h G e d l i n g t a i l i n g s . The p o s i t i o n o f t h i s peak would thus 
appear t o v a r y . 
Another p o i n t a r i s i n g from the f l o c c u l a n t work i s the l o n g 
p e r i o d and l a r g e amount o f secondary c o n s o l i d a t i o n t h a t f r e s h l y 
d e p o s i t e d t a i l i n g s are s u b j e c t t o . I t masks any e f f e c t t h e r e may 
be due t o ageing o f the f l o c c u l a n t . 
I n g e n e r a l t h e r e i s no evidence f o r p o l y e l e c t r o l y t e type 
f l o c c u l a n t s p r o d u c i n g e i t h e r weaker or poore r d r a i n i n g d e p o s i t s 
than s t a r c h type f l o c c u l a n t s . I t i s p o s s i b l e t h a t t h e r e may be 
a d i f f e r e n c e w i t h some t a i l i n g s . Apart from the d e p o s i t s them-
s e l v e s , t h e o n l y o t h e r p o s s i b l e cause o f poor d r a i n a g e i s the 
lagoon/embankment i n t e r f a c e . I t might be t h a t p o l y e l e c t r o l y t e 
f l o c c u l a n t s produce a l e s s permeable i n t e r f a c e t h a n s t a r c h 
f l o c c u l a n t s , a l t h o u g h t h i s seems a somewhat u n l i k e l y s i t u a t i o n . 
As f a r as t h e r e s u l t s from Cadeby Lagoon 9 are concerned, i t would 
appear t h a t t h e embankment i s f a r l e s s permeable than the lagoon 
d e p o s i t s . T h i s b e i n g so, i t i s o b v i o u s l y d e s i r a b l e t h a t more 
a t t e n t i o n be p a i d t o p r o d u c i n g permeable banks, i f f r e e d r a i n i n g 
lagoons are r e q u i r e d ( e . g . f o r o v e r - t i p p i n g ) . 
Vane shear s t r e n g t h s can be used t o g i v e u s e f u l i n f o r m a t i o n 
d e s p i t e the sand and s i l t c o n t e n t o f t a i l i n g s . At zero normal 
p r e s s u r e , t a i l i n g s o f s i m i l a r g r a d i n g show a s t r o n g n e g a t i v e 
c o r r e l a t i o n between v o i d s r a t i o and vane shear s t r e n g t h . When 
the g r a d i n g becomes c o a r s e r , the vane shear s t r e n g t h drops. 
T h i s r e l a t i o n s h i p appears t o be o n l y o p e r a t i v e a t zero 
normal p r e s s u r e , however. When f l o c c u l a t e d samples o f d i f f e r i n g 
v o i d s r a t i o and c o n t a i n i n g 20 per cent c l a y s i z e , 'fO per cent 
s i l t s i z e and kO per cent sand s i z e p a r t i c l e s are vane t e s t e d 
a t i n c r e a s i n g p r e s s u r e s , t h e y show a r e l a t i o n betv/een peak shear 
s t r e n g t h and p r e s s u r e , whereby c = 0.3 p . T h e i r remoulded 
s t r e n g t h s f o l l o w t h e r e l a t i o n due t o Skempfcon (1957), 
c = (0.11 + 0.0037Pl)p, where c u n d r a i n e d shear s t r e n g t h , 
P I = p l a s t i c i t y i n d e x and p = e f f e c t i v e p r e s s u r e . Comparison 
w i t h t r i a x i a l and shear-box t e s t s i n d i c a t e s t h a t t h e t r u e undraine> 
shear s t r e n g t h i s some 40-50 per cent h i g h e r t h a n the val u e s g i v e n 
by the vane. 
250. 
Hughes and Windle (1976) have p o i n t e d out t h e u s e f u l n e s s 
o f the vane i n l o c a t i n g areas o f h i g h s e n s i t i v i t y v/hich would 
be s u s c e p t i b l e t o l i q u e f a c t i o n . I t i s shown here t h a t , w i t h 
d e t a i l e d a n a l y s i s , i t i s p o s s i b l e t o e x t r a c t a d d i t i o n a l i n f o r m a t i o n 
knowing t h a t c l a y s f o l l o w okempton's (1957) shear s t r e n g t h / d e p t h 
r e l a t i o n s h i p , and t h a t an average t a i l i n g s sample shear s t r e n g t h 
w i l l l i e above i t . I t i s p o s s i b l e t o i n f e r the p o s i t i o n o f t h e 
water t a b l e and even zones o f h i g h pore p r e s s u r e p r o v i d e d t h a t 
s u f f i c i e n t i n f o r m a t i o n e x i s t s c o n c e r n i n g r e l e v a n t b u l k d e n s i t i e s 
and p l a s t i c i t y i n d i c e s i n t h e v i c i n i t y o f the vane t e s t p o s i t i o n . 
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FIGURE U2 252. 
COMPARISON OF GRADING OF-MATERIALS IN SEVERAL DIFFERENT TYPES 
OF LAGOONS 
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FI&URE 4 . 4 
CADEBY LA&OON 8, U1QO SAMPLE NUMBER 3 
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FIGURE 4.6 
CADEBY LAGOON 9 
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CADEBY LAGOON 9 , 254mm DIAMETER 
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(b) Block C, horizontally orientated bedding 
FI&URE 4 .12 
CADEBY LA&OON 9 , EXCAVATED FACE 
CRDEBY LAGOON 8 H1MPEY (1974) 
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LAGOON INTERFACE EMBANKMENT 
FIGURE 4.15 
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FIGURE 4 .17 
GRADING CURVES FOR SAMPLES FROM GEDLIN& LA&OON 12 
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FIGURE 420 
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GEDLING LAGOON 12 (CENTRE] FIGURE 4.21 
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FIGURE if .35 
MANVERS TAILIN&S, COMPARISON OF SHEAR STRENGTH MEASUBMENTS 
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LABORATORY VANE - MANVERS TAILINGS 
AT EQUIVALENT DEPTHS 
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N.B. Depth calculated on a total stress basis, using a bulk density 
of 1.31 Mg/m3. 
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N.B. Depth calculated on a total stress basis, using a bulk density 
of 1.45 Mg/m3. 
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^FIGURE 4 AO 
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FIGURE 4.49 
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CHAPTER 5 
CASE HISTORY STUDIES OF THE STABILITY OF SHALE EMBANKMENTS 
5.1 I n t r o d u c t i o n 
During the progress of the la b o r a t o r y work, i t was evident 
t h a t the e f f e c t s of weathering and curvature of Mohr f a i l u r e 
envelopes should be evaluated by slope s t a b i l i t y a nalysis of 
r e a l s i t u a t i o n s . 
5.1.2. Methods of analysis 
Before proceeding f u r t h e r however, a choice of a n a l y t i c a l 
techniques had to be made. The usual methods are those of l i m i t 
e q u i l i b r i u m a n a l y s i s . I n these, the e q u i l i b r i u m of a p o t e n t i a l 
s l i d i n g mass i s determined by considering the r a t i o of the 
p o t e n t i a l r e s t r a i n i n g to the d i s t u r b i n g forces a c t i n g on the mass. 
I n the case of c,0 s o i l s , these methods a l l make an assumption 
regarding the degree of m o b i l i z a t i o n of c and tan 0, 
The r a t i o of s t r e n g t h to stress gives the Factor of Safety 
( F ) , whose r e l i a b i l i t y depends on two f a c t o r s : a) the measurement 
of shear s t r e n g t h and b) the computation of shear s t r e s s . Hence, 
i t i s not sensible to use a method of computing shear stress which 
i s more accurate than the measurement of shear s t r e n g t h . Indeed, 
i t can give a f a l s e sense of accuracy. 
The three usual methods of analysis are a l l based on the 
method of s l i c e s (Figure 5«la) i n which the mass i s divi d e d i n t o 
s l i c e s , and the t o t a l forces a c t i n g on i t are c a l c u l a t e d by 
summing the forces a c t i n g on the s l i c e s . They also assume t h a t 
shear s t r e n g t h (X) i s given by the expression: 
? = c •' + <y' tan 0 ' (1) 
where & i s the e f f e c t i v e normal stress 
5.1.2.1. F e l l e n i u s (Sv/edish C i r c l e ) analysis 
In t h i s method ( F e l l e n i u s , 1936), the opposing i n t e r - s l i c e 
forces are assumed to have a r e s u l t a n t a c t i n g p a r a l l e l to the 
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base of the s l i c e . The f a i l u r e plane i s also assumed to be an 
arc of a c i r c l e . 
Hence, f o r one s l i c e , the d i s t u r b i n g forces, D.^  are given 
by D± =dWi SinoC (2) (Fig. 5.1) 
and the r e s i s t i n g forces, 5^ are given by 
S. = C'.dL. +(dW. cos«*. - u.d-L.) tan 0* .... (3) (Fig. 5.1 ) l 1 1 l i l l l 3 
Hence the f a c t o r of safe t y , F, i s given by 
F = 
E c J d U l d W . Cos«x. - u. dL.)tan0«. ;Ti 1 • . l l l i l 
n 
d W. Sin oc . i = l I i 
CO 
The assumptions made i n t h i s method are i n c o r r e c t , and give 
r i s e t o e r r o r s , which can be very large (up to 60%) when the 
change i n o< i s l a r g e , or when 0 1 i s large (Whitman and Bailey, 
1967). However, the e r r o r s are a l l on the safe side, the 
ca l c u l a t i o n s are simple and do not r e q u i r e i t e r a t i o n t o produce 
a value of F. 
5.1.2.2. S i m p l i f i e d Bishop Method 
In t h i s method (Bishop, 1955, Janbu et a l 1956), the f a i l u r e 
surface i s s t i l l assumed to be a c i r c u l a r arc, but the r e s u l t a n t 
of the i n t e r s l i c e forces i s assumed to act i n a h o r i z o n t a l d i r e c t i o n . 
The d i s t u r b i n g forces are the same as f o r the F e l l e n i u s 
method, i . e . 
D. =dW. Sine*. 1 1 1 (2) 
but the r e s i s t i n g forces now become: 
S. =[Cj'dx. + • (clW. - u ± d x . j t a n 0' .] 
(5) 
cos o< 
1 + tan cx . tan 01 . 
1 1 
Hence 
y ( C1- olx. +(dW. - u.elx.) tan 0* .) = . 1 1 1 1 1 1 i = 1 
cos <y 1 + tan**, tan 0' . 
1 1 ,(6) 
n .SndW. Sine*. 1=1 1 1 
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To solve t h i s expression r e q u i r e s i t e r a t i o n to f i n d the 
l e a s t value of F. The assumptions made can lead to e r r o r s up 
to 8 per cent on the safe side ( i . e . values of F some 8% less 
than the t r u e v a l u e ) , but t h i s i s generally acceptable. A more 
rigorous method i s a v a i l a b l e (Bishop, 1955) i n which the t o t a l 
i n t e r s l i c e forces are taken i n t o account. However, t h i s requires 
considerably more c a l c u l a t i o n and i s not generally considered 
worthwhile, e s p e c i a l l y as the assumption of a c i r c u l a r s l i p 
plane i s not necessarily v a l i d . 
5.1.2.3. Janbu analysis 
I n t h i s method (Janbu, 195^» 1973) any shape of f a i l u r e 
surface may be considered. I n the generalized procedure, the 
r e s u l t a n t of the i n t e r s l i c e forces can act along any l i n e . 
Considering the e q u i l i b r i u m of one s l i c e (Figure 5-lb) 
dW . +.olT. = dS. sinCX. + olN.coscx (7) 
X I 1 1 1 1 
dlE. = - do. cos ex. +o(N. s i n <K. (8) 
i 1 1 1 1 
For e q u i l i b r i u m of the whole mass: 
n n n 
. 2 , ( dS. sinoc\ + o(.N. coscX. ) = . £ . d W. i . e . .Zl T.= 0 . . . ( 9 ) 1 = 1 l l i l i = l i i = l l 
n 
£ (.-dS. cos°<. + dN. sine*.) = -Q i . e . . 2 -.dlS. + Q = Q . . .(10) 
. ^ 1 1 1 1 1 — 1 1 1 = 1 
(where Q i s a h o r i z o n t a l force a c t i n g at the top of the f a i l u r e 
surface, i . e . from a water f i l l e d c r a c k ) . 
From (7) and (8) 
«jtS. = ( af'W. +olT.) s i n ©<. - dlE. cos cx (11) 
* l 1 1 l l l 
Hence from equation (10) 
n dS^ n 
. X n = Q + . S , ( el W. + dT. ) tan<X. 1 = 1 _ ^ l = 1 i l l cos «X. l n „ , n c*1 S. ax- v* 
, ' . i = l —^2—~ = Q + i = l ( d 1 ^ tano< . . . (12) 
cos . 1 
292. 
where S. = and olx. = width, of s l i c e 
1 J L , 
1 d N , 
C + (-JT^ - u ) tan 0* 
Now, S. = — * ^ 1 i (13) 
F 
and, from (7) 
ctW. + A.T. - ots. sin<X . 
fliN. = i 1 i i 
cos o<.. 1 
Therefore, 
C'1 . + (p. + t. - u. ) tan 0' . 
S _ 1 * 1 1 1 l 
1 tanO<. tan 01. 
F ( i + 1 ) 
F 
d W. cl T. 
w h e r e p = _ i f t = 
l l 
I n s e r t i n g (15) i n (12) and s o l v i n g for F, 
(l'O 
(15) 
JL (C* + (P. + t. - u.) tan 0'.)otx. 
£ i i i i i i 
1 = 1 c o s 2 * . (1 + tan <*. tan 0'. / F ) 
1 i i (16) 
n 
Q + . -S n (P. + t . ) tan<*. fl(x. 1 l = 1 l l l l 
From moment equ i l i b r i u m f o r the s l i c e , 
<AE. (P. + t.)«Lx. tan c*. - S.<Ax. (1 + t a n 2 oc . ) (17) 
1 1 1 1 i l l l 
dE. 
and T. = -E. tan <*. + h, -r- i - ( l 8 ) 
l l t . t . dx. 
l 1 1 
where h^ _ i s the height at which the l i n e of t h r u s t i n t e r s e c t s 
the s l i c e (Janbu, 1973). From t h i s , the value of t can be 
c a l c u l a t e d . 
To be completely rigorous , the F a c t o r of Safety using s e v e r a l 
d i f f e r e n t l i n e s of t h r u s t should be c a l c u l a t e d . However, the 
value of F v a r i e s only s l i g h t l y when t h i s l i n e i s based on 
reasonable p o s i t i o n i n g (Morgenstern and P r i c e , 1965). Hence 
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one can draw i t to pass through the lower t h i r d of the s l i c e s 
without the accuracy being impaired, 
5.1.2. *J-. Morgenstern and P r i c e 
There i s a l s o another, rigorous method, that of Morgenstern 
and P r i c e (1965) i n which both the F a c t o r of Safety and the 
i n t e r n a l force d i s t r i b u t i o n have to be found by i t e r a t i o n . I t 
i s g e n e r a l l y considered to give the most accurate r e s u l t s . 
However, for the reasons given i n Se c t i o n 5.1.2. i t was not used 
i n t h i s work. 
5.1.3. Modification of equations to accommodate curved Mohr 
envelopes 
To accommodate the curved shear s t r e s s f unction employed 
i n Chapter 3, c e r t a i n modifications need to be made to the 
equations f o r r e s o l v i n g the Facto r of S a f e t y . As the shear s t r e n g t h 
equation only a f f e c t s the r e s t r a i n i n g f o r c e s , the denominators of 
the Fac t o r of Safety equations ( i . e . the d r i v i n g f o r c e s ) w i l l 
remain the same. 
Consider the shear s t r e s s equation 
X = ni (c / ) Z (19) 
At any normal pressure, p, the corresponding shear s t r e s s , s, on 
the Mohr envelope can be defined by an angle, 0 ' , where 
tan 0» = - (20) 
P P 
From equation (19)» ( F i g 5.2) 
,z 
s = mp 
tan 0r = m p ( z - l ) (21) 
P 
Now, provided that the s l i c e i s t h i n enough, the part of 
the f a i l u r e envelope corresponding to the s t r e s s regime at the 
s l i c e base can be ax>proximated by a s t r a i g h t l i n e drawn from 
the o r i g i n at an angle of 0'' to the h o r i z o n t a l . 
29^. 
Thus, i n the s t a b i l i t y equation, tan 0 1 may be replaced by 
(z-1) 
mp . Making t h i s s u b s t i t u t i o n , the equations become:-
1) Janbu 
F = 
n m . ( p . + t . - u . ) Z i drc <T 1 1 1 1 
1 - 1 cos 2«*.(l + tanoC. m.(p. + t . - u . ) ^ z i - 1 ^ ) i _ l l f i I l 
n 
Q + £ (p. + t . ) tanoc. dx 
...(22) 
i = l 
2) Bishop 
Jl OK (p.. - u.. ) " i ol x 
F = 2 i - ^ i i ' i i = l / 
cos «X. (1 + tan<*. m. (p. - u. ) i ~ ) x x 1 1 1 x 
...(2*0 
n 
.2? p. s i n ©< . <{x. 
1=1 *1 X I 
3) F e l l e n i u s , ,N 
.4r_ (IV/. cos<x. - u. dLi)m. (p. - u.) i = l x x i • : i r i i F = 
n 
p. s i n oc . dx. 
1=1 * i X I 
I t w i l l be r e a l i z e d that the s u b s t i t u t i o n s made are only 
c o r r e c t for a s l i c e with uniform pressure on i t s base ( i . e . one 
which i s a p a r a l l e l o g r a m ) . In the methods of s l i c e s an assumption 
i s made that the mass of the s l i c e a c t s at the centre of the s l i c e . 
T h i s i s a l s o only true when the s l i c e i s a parallelogram. I t 
follows that s l i c e s should be as narrow as p o s s i b l e when the 
shape i s g r e a t l y d i s t o r t e d from a parallelogram. The number 
and t h i c k n e s s of s l i c e s w i l l be considered f u r t h e r i n Section 5.2.2. 
5.2. The slope s t a b i l i t y program 
5.2.1, Aims of the program 
To c a r r y out the a n a l y s e s a computer program (Appendix A) 
was w r i t t e n i n PL/1 for use on the NUMAC IBM 370 computer. 
The aim of the program was to be as general as p o s s i b l e , but i t 
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was required to cover the f o l l o w i n g p o i n t s : -
1) To analyse a m u l t i - l a y e r e d slope s e c t i o n , w i t h a phreatic 
surface, w h i l s t t a k i n g i n t o account any number of f a i l u r e 
surfaces. 
2) Non-circular surfaces to be analysed by the Janbu (1973) 
method. 
3) C i r c u l a r - a r c surfaces to be analysed by the Janbu (1972) 
Bishop (1955) and/or F e l l e n i u s (1936) methods. 
k) A Bishop self-seeking g r i d of c i r c u l a r - a r c f a i l u r e surfaces 
which can be t a n g e n t i a l t o any m a t e r i a l layer i n the slope 
or to any s t r a i g h t l i n e . 
5) The p o s s i b i l i t y of the slope being p a r t l y submerged. 
6) The f a c i l i t y f o r i n d i v i d u a l layers i n the slope to contain 
areas i n which excess pore pressures are developed. 
7) I s o t r o p i c or a n i s o t r o p i c s t r e n g t h parameters, based on l i n e a r 
or curved Mohr envelopes should be accommodated. 
5.2,2. Methods used i n the program 
I n a s t a b i l i t y a n a l y s i s using a method of s l i c e s , the 
p o t e n t i a l s l i d i n g mass i s i t s e l f d i v i d e d up i n t o s l i c e s . The 
forces a c t i n g on each s l i c e are then c a l c u l a t e d and summed to 
give the s t a b i l i t y of the slope. To comply w i t h the assumptions, 
the s l i c e must not contravene the f o l l o w i n g p o i n t s : -
a) I t s sides must be v e r t i c a l 
b) I t s base must be l i n e a r 
c) I t s base must be a l l i n the same m a t e r i a l 
d) I t s base must not i n t e r s e c t the phreatic surface. 
The program d i v i d e s up the s l i d i n g mass i n t o s l i c e s i n four 
steps which ensure these po i n t s are observed. 
The f i r s t step i s to define s l i c e boundaries using a l l the 
points on the f a i l u r e surface. This ensures a l i n e a r base f o r 
a l l s l i c e s (Figure 5«3a). The i n t e r s e c t i o n p o i n t s between the 
f a i l u r e surface and the i n t e r - m a t e r i a l layer boundaries, and 
between the f a i l u r e surface and the phreatic surface are then 
c a l c u l a t e d . These poi n t s then define f u r t h e r s l i c e boundaries 
(Figure 5«3b). The t h i r d step i s to i n t e r p o l a t e more s l i c e 
boundaries v/here the s l i c e s are too wide. When considering the 
width of s l i c e s , there are several points to bear i n mind. The 
f i r s t i s t h a t computing time increases w i t h the number of s l i c e s 
used. However, accuracy improves by increasing the number of 
s l i c e s . Nonetheless, there i s a po i n t at which the increase 
i n accuracy i s negligable (Spencer 1967) and there i s no point 
i n a t t a i n i n g an accuracy which i s greater than i s j u s t i f i e d 
by the data. F i n a l l y , the computer cannot store numbers of 
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magnitude less than 10 , or to a greater accuracy than f i f t e e n 
s i g n i f i c a n t f i g u r e s . This produces an u l t i m a t e l i m i t on the 
thinness of s l i c e s , but i n p r a c t i c e the other considerations 
impose a l i m i t of f a r greater width to the s l i c e s . 
In Section 5«1»3« i t v/as shown th a t the assumptions made' 
i n methods of s l i c e s were most inaccurate v/hen the shape of 
the s l i c e s was g r e a t l y d i s t o r t e d from t h a t of a parallelogram. 
Therefore, to a t t a i n accuracy v/ith the l e a s t number of s l i c e s , 
i t i s desirable that s l i c e s be at t h e i r minimum v/idth at 
p o s i t i o n s v/here they are most d i s t o r t e d from the i d e a l shape, 
Nov/, i f the s l i c e s are of tr a p e z o i d a l shape, t h i s s i t u a t i o n 
w i l l a r i s e when the v e r t i c a l s l i c e sides are g r e a t l y d i f f e r e n t 
i n l e n g t h . This f a c t has been e x p l o i t e d i n the system of 
subdividing s l i c e s . F i r s t l y , a l l p o i n t s d e f i n i n g the ground 
surface, between the e x t r e m i t i e s of the f a i l u r e surface, are 
used to define f u r t h e r s l i c e boundaries. This ensures a l l s l i c e s 
are t r a p e z o i d a l (Figure 5-3c). The d i f f e r e n c e i n leng t h of the 
v e r t i c a l sides of each s l i c e i s then c a l c u l a t e d . 'Where t h i s i s 
greater than the permissable amount, the s l i c e i s subdivided 
s u f f i c i e n t l y to ensure t h a t a l l the sub-slices do conform 
(Figure 5«3d). The maximum d i f f e r e n c e i n leng t h of v e r t i c a l 
sides i s taken as one t e n t h of the maximum v e r t i c a l d e v i a t i o n of 
the f a i l u r e surface from a l i n e j o i n i n g the f i r s t and l a s t p o i n t s 
of the f a i l u r e surface. This value was decided upon a f t e r 
experimenting w i t h the program to f i n d the point at which the 
r e l a t i o n s h i p between number of s l i c e s versus f a c t o r of safety 
a t t a i n s a constant value of F (see Figure 5«*0. 
Figures 5.^ and 5-5 i l l u s t r a t e some i n t e r e s t i n g points v/hich 
arose during the experimentation w i t h s l i c e numbers. I t can be 
seen t h a t , w i t h curved envelopes, fewer s l i c e s are necessary when 
using a method v/hich l i m i t s the s l i c e side height d i f f e r e n c e s , 
rath e r than l i m i t i n g the s l i c e width. However, w i t h l i n e a r f a i l u r e 
envelopes there i s no change i n Factor of .Safety, greater than 
0.01, due to a mere increase i n s l i c e numbers (Figure 5.^). With 
l i n e a r f a i l u r e envelopes, i t i s the number of points on the f a i l u r e 
surface which c o n t r o l s the sen«;Kvity of the Factor of Safety (Figure 
5.5). This shows th a t the errors produced by the assumption t h a t 
the weight of a s l i c e acts at i t s centre must be negligable, since 
t h i s i s the e r r o r t h a t would be reduced by sub-dividing s l i c e s when 
the f a i l u r e envelope i s l i n e a r . * However, from Figure 5«5i i t 
f o l l o w s t h a t the changes i n the angle of the base of the s l i c e 
* When the f a i l u r e envelope i s curved, i n a d d i t i o n to t h i s e r r o r , 
the e r r o r s made i n the approximation of the shear s t r e n g t h are also 
reduced by sub - d i v i d i n g s l i c e s (See Section 5.1.3). This i s why 
the accuracy improves on s l i c e s u b - d i v i s i o n w i t h curved f a i l u r e 
envelopes. 
298 
are important, and that at l e a s t f i f t e e n points on a f a i l u r e 
surface are d e s i r a b l e . As a r e s u l t of these r e l a t i o n s discussed 
above, the program v/as modified to allow s l i c e s to be sub-divided 
only when t h e i r bases were i n m a t e r i a l w i t h a curved f a i l u r e 
envelope. This provides the shortest computing time f o r a given 
accuracy. The a c t u a l number of p o i n t s on a f a i l u r e surface i s 
under the c o n t r o l of the programmer. 
Spencer (19^7) concluded that sensi'-fwify increased to a 
l i m i t i n g p oint w i t h an increase i n s l i c e numbers. However, he 
increased the number of s l i c e s by increasing the number of p o i n t s 
on a ( c i r c u l a r ) f a i l u r e surface. Thus his r e s u l t s are i n accordance 
w i t h those found here. At comparable accuracy i n F ( i . e . 0.01), 
the number of s l i c e s required by him (16), i s very s i m i l a r to the 
number of p o i n t s on the f a i l u r e surface found to be necessary i n 
the current work. 
While the p o i n t s on a n o n - c i r c u l a r f a i l u r e surface are read 
i n as data, those f o r c i r c u l a r arc surfaces have to be c a l c u l a t e d 
from the coordinates of the centre of the c i r c l e and i t s r a d i u s . 
The equation of a c i r c l e i s of the form: 
(x - a ) 2 + (y - b ) 2 = R 2 
where a = x co-ordinate of centre 
b = y co-ordinate of centre 
R = Radius of c i r c l e . 
I n a slope s t a b i l i t y analysis the arc required i s always i n 
the lower s e m i c i r c l e . Thus the p o i n t s at which the c i r c l e cuts 
the top l a y e r surface ( i . e . the e x t r e m i t i e s of the s l i d i n g mass) 
can e a s i l y be found by s o l v i n g simultaneous equations. The 
c i r c u l a r arc may then be sub-divided i n t o as many points as 
desired knowing the co-ordinates of the end p o i n t s , the x 
co-ordinates of the f a i l u r e surface can be found by s u b - d i v i s i o n 
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of the h o r i z o n t a l distance betv/een the end p o i n t s . The y co-ordinates 
are then c a l c u l a t e d from the equation given above, the smaller of 
the two values which are produced being the one r e q u i r e d . 
Having acquired the s l i c e boundary data, the next step i s 
to c a l c u l a t e «tWf J.u, dx, tanot and, f o r the Janbu an a l y s i s , 
tan oCj. (see Figure 5.1). Tanot and ctx are simple to c a l c u l a t e . 
Tanec i s the gradient of the s l i c e base, which i s already known, 
since i t i s the same as t h a t f o r the p o r t i o n of the f a i l u r e surface 
that the s l i c e i s on, w h i l s t ^x i s the s l i c e v/idth. Tan «* ^ i s the 
gradient of the l i n e of t h r u s t , which i s taken to pass through 
poi n t s which are one t h i r d the height of the s l i c e from i t s base. 
The weight of the s l i c e i s found by summing the product of area 
r 
and density of each layer occu^ing i n the s l i c e . The area of 
each layer i s found by summing the area between the top surface 
of a l a y e r and the x axis and then s u b t r a c t i n g the area betv/een 
the top of the layer below (or the base of the s l i c e ) and the 
x a x i s . The h y d r o s t a t i c pressure due to the phreatic surface 
can be found i n a s i m i l a r manner, the density of water being taken 
as 1 Mg/rn^. Excess pore pressures, i f present, are c a l c u l a t e d 
from the pore water pressure gradient w i t h i n the l a y e r i n which 
the base of the s l i c e i s located. 
From a knowledge of the l a y e r i n v/hich the s l i c e base i s 
l o c a t e d , i t i s possible to pick the relevant shear s t r e n g t h 
parameters, and to define on which basis they are derived ( i . e . 
curved or l i n e a r ) . I n the case of a n i s o t r o p i c m a t e r i a l , the 
shear s t r e n g t h parameters p e r t a i n i n g to the h o r i z o n t a l s t r a t i f i c a t i o n 
are presumed to act whenever the s l i c e base i s i n c l i n e d at an angle 
betv/een plus or minus ten degrees from the h o r i z o n t a l . These 
parameters can then be combined w i t h the values f o r weight, water 
pressure and base gradient to compute the r e s t r a i n i n g and 
d i s t u r b i n g forces due to the s l i c e . I n the case of the Janbu 
and Bishop methods of a n a l y s i s , the former can only be 
approximate as F i s unknown. I n f a c t , the expression 
(2) /, tanot tan 0'\ . , , _ , . cos <x. (1 + - c—) i s taken as u n i t y (Janbu, 195*0 
f o r the i n i t i a l approximation. The r e s t r a i n i n g and d i s t u r b i n g 
forces are then summed. For a F e l l e n i u s a n a l y s i s , the f a c t o r 
of s a f e t y , F, can be obtained d i r e c t l y from these, but f o r the 
Bishop and Janbu methods an i t e r a t i v e process i s required. The 
value of F which i s obtained i n i t i a l l y i s fed i n t o the equations 
j , . , . . i n ( 2 ) ^ . ,n tanot, tan 0\ ,. , and used to obtain a value f o r cos ©< (1 + - C1—) which 
enables a new value f o r F to be c a l c u l a t e d . This i s continued 
u n t i l the l a s t two values of F obtained close to w i t h i n 0.005 of 
each other. For a Bishop analysis t h i s value i s then reported, 
to tv/o decimal places as the f a c t o r of s a f e t y . For a Janbu 
an a l y s i s , i t i s used to c a l c u l a t e an i n i t i a l approximation f o r 
the side forces (Janbu, 1973). Using these side force values, 
another i t e r a t i o n i s performed to procure a new value of F. 
This i s then used t o modify the side force values, and the 
i t e r a t i v e process continued. I t e r a t i o n ceases when the d i f f e r e n c e 
i n F before and a f t e r side force m o d i f i c a t i o n a t t a i n s a value of 
0.005. This value i s then reported. 
The i t e r a t i v e process sometimes f a i l s to converge ( i . e . the 
l a s t tv/o values of F are never closer than 0.005). This u s u a l l y 
occurs when the f a c t o r of safety i s high or when a f a i l u r e surface 
of complex shape i s employed. To prevent i t e r a t i o n continuing 
ad i n f i n i t u m i n these circumstances, a maximum of 30 i t e r a t i o n s 
i s imposed. I f t h i s number i s exceeded, c a l c u l a t i o n f o r that 
f a i l u r e surface w i l l cease, and a message i s p r i n t e d , g i v i n g 
the l a s t two values of F. 
An example of the program's operation, along w i t h i t s method 
of use w i l l be found i n Appendix A. 
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5«3« Gedling S p o i l Heaps - o v e r t i p p i n g of lagoon deposits - weak 
s p o i l on strong foundations 
5.3.1.Introduction 
I n 1968, a major extension and heightening of e x i s t i n g 
s p o i l heaps at Gedling c o l l i e r y was proposed. This involves 
o v e r t i p p i n g f i v e lagoons, and the c o n s t r u c t i o n of new lagoons 
i n the t i p complex. A s i t e i n v e s t i g a t i o n was c a r r i e d out by 
Wimpey Central Laboratories L t d . The r e s u l t s of t h i s i n v e s t i g a t i o n 
showed th a t based on the p r o p e r t i e s of the materials then i n the 
heaps, the extended heaps would be s t a b l e . 
I n Chapter 2.2 and 4.2.2. p h y s i c a l parameters f o r some 
materials being disposed of i n the period 1973 - 1975 have been 
reported. I t was noted t h a t the s p o i l was weaker than the pre-
1968 m a t e r i a l . I t was t h e r e f o r e decided to re-assess the s t a b i l i t y 
of the heaps using these current parameters, and also to employ 
curved Mohr envelopes. 
5.3.2. Description of s i t e 
5.3.2.1. General 
Gedling c o l l i e r y i s s i t u a t e d 5km n o r t h east of Nottingham 
(Figure 1.1) i n the bottom of a t r i b u t a r y v a l l e y of the River 
Trent. The two s p o i l heaps (West and East) are b u i l t on the 
northern side of t h i s v a l l e y . The s i t e plan (Figure 5*6) shows 
th a t the t i p s are a c t u a l l y founded on the s i t e of three small 
v a l l e y s . 
The s o l i d geology at the s i t e consists of Permo-Triassic 
rocks of Keuper f a c i e s . Tv/o formations are present, the 
Waterstones ( f l a g g y s i l t - s t o n e s and sand-stones w i t h shale p a r t i n g s ) 
o v e r l a i n by Keuper Marl (red mudstones w i t h occasional sandstones). 
These beds dip i n an east-south-easterly d i r e c t i o n at 1 to 5 
degrees. The boundary between the two formations occurs under 
the s p o i l heaps (Figure 5.6 and Geological Survey 1 inch sheet 
No. 126). The i n v e s t i g a t i o n by Messrs Wimpey showed the presence 
of t h i n l a y e r s of a l l u v i a l m a t e r i a l i n the small v a l l e y s mentioned 
above. 
5.3.2.2. The West t i p 
The West t i p o r i g i n a l l y consisted of several small heaps 
deposited by a e r i a l ropeway, Maclane t i p p l e r and rai l w a y waggons. 
The s p o i l i n the south western area of the t i p i g n i t e d , and. t h i s 
part now comprises a considerable q u a n t i t y of burnt m a t e r i a l . 
A v a l l e y between these small heaps v/as dammed and used as a 
t a i l i n g s / s l u r r y lagoon. While i n operation, i t s bund was 
gradually r a i s e d . I t s extent was v a r i a b l e , i t s s u p e r f i c i a l l o c a t i o 
being a l t e r e d by the continuously growing t i p s around i t . By 
1969 t h i s lagoon was not i n use, and nearly a l l of i t v/as 
overtipped. Overtipping i s now complete (see Figure 5«7 and 
Sections D-D, E-E Figures 5.11 and 5-12). Since 19^9» some new 
lagoons have been b u i l t on the northern side of the t i p (Figure 
5.7). These too are now not used. The proposed extension w i l l 
increase the height of the t i p from 115m to 125m A.O.D., while 
the toe height i s 65m A.O.D. 
Water was noticed t o be seeping from the burnt m a t e r i a l i n 
the v/estern part of the t i p . 
5.3.2.5. The East t i p 
The East t i p was o r i g i n a l l y b u i l t from m a t e r i a l transported 
by a e r i a l ropeway and then redeposited by scrapers. I t impounded 
a large lagoon on i t s northern side. These lagoons have now been 
overtipped and a new p a i r are being constructed over them (Figure 
5.7). The height of t h i s eastern t i p w i l l be rai s e d from 90 to 
115ra A.O.D., i t s toe height being 55 - 60 m A.O.D. The small 
side v a l l e y which i t completely f i l l s may w e l l have had springs 
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emerging i n i t s f l o o r . 
5.3.3.1. Slope s t a b i l i t y analysis 
Five sections were chosen f o r analysis v i z : - A-A (Figure 5.8), 
B-B (Figure 5-9), C-C (Figure 5.10), D-D (Figure 5.11) and S-E 
(Figure 5«12). These sections, whose p o s i t i o n i s shown on the 
s i t e plan (Figure 5.7), cover the most c r i t i c a l p o s i t i o n s , namely 
the steepest proposed sections on East and West t i p s (B-B and E-E 
r e s p e c t i v e l y ) , the i n f i l l e d v a l l e y under the eastern t i p (A-A) 
the p o s i t i o n at which the o l d lagoon i n the West t i p approaches 
closest to the t i p face (D-D) and a sec t i o n i n the present t i p 
where excess pore pressures have developed (C-C). The r e s u l t s 
of the analysis are l i s t e d i n Table 5«1 and discussed below. 
5.3.3«2. Parameters used (Figure 5*13 and Table 5*2) 
The parameters used f o r the new s p o i l are those derived during 
the current work, namely:-
2 
c' = 22.9 kN/m )where a l i n e a r Mohr envelope i s 
0» = 23.4° ) used 
m = I.096 ) v/here a curved Mohr envelope 
) 
z = 0.871 ) i s used 
A bulk density of 2.012 Mg/m^  was assigned, t h i s being the 
density of an undisturbed sample from the t i p . 
The o l d t i p materials were assigned parameters determined 
by Messrs Wimpey, v i z : -
c' = 7.18 kN/m2 ) f o r l i n e a r Mohr 
0^ = 27.5° ) envelopes 
m = 0.874 ) f o r curved Mohr 
) 
z = 0.920 ) envelopes 
v/ith a bulk density of 1.922 Mg/m^ . 
304 
TABLE 5.1 
FACTORS OF SAFETY PERTAINING TO STABILITY 
ANALYSES AT GEDLING 
SECTION Location of F a i l u r e Surface Factor of Safety (F) 
A - A a Cr i t i c a l surface (passes 
through weathered c r u s t ) 1.48 
b Minimum F surface passing 
through alluvium 1.56 
c Minimum F surface i n new 
discard only ( i . e . not 
passing through weathered 
c r u s t ) 1.59 
B - B a C r i t i c a l surface f o r whole 
face as o r i g i n a l l y proposed 1.35 
b C r i t i c a l surface f o r short , 
steep sections on o r i g i n a l 
proposed section 1.17 
c As (b) but w i t h a weathered 
crust 1.47 
d C r i t i c a l surface f o r 
smoothed p r o f i l e 1.44 
e Surface through o l d lagoon 2.83 
f As ( f ) but w i t h lagoon 
l i q u e f i e d 1.56 
g Surface (a) w i t h l i n e a r 
c1 , (8 1 parameters 1.42 
h Surface (b) w i t h l i n e a r 
c ' i 0j. parameters I.56 
i Surface (a) w i t h 0 1 para-
meter 1.02 
C - C C r i t i c a l surface 2.04 
D-D a C r i t i c a l surface through 
weathered s p o i l 1.45 
b Surface passing through 
postulated r e s i d u a l area 
and weathered s p o i l 2.01 
c C r i t i c a l surface assuming 
lagoon l i q u e f i e d 0.43 
Cont 1d.... 
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TABLE 5.1 (Continued) 
Section Location of F a i l u r e Surface Factor of Safety (F) 
E - E a C r i t i c a l surface (passes 
through weathered crust ) 1.63 
b Surface passing through 
postulated r e s i d u a l area 2.22 
c Surface passing through o l d 
lagoon, assuming t h i s to be 
l i q u e f i e d . lAl 
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TABLE 5.2 
PARAMETERS EMPLOYED FOR GEDLING STABILITY ANALYSES 
Ma t e r i a l Shear Strength Parameters Bulk density (Mg/m^) 












s p o i l 




Lagoon 0 31.0 1.7 
Alluvium 8.62 31.0 2.051 
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For the weathered c r u s t s , the parameters f o r weathered m a t e r i a l 
(Chapter 2.2) are employed:-
c ' = 33.9 kN/m2 
0' = 16.9° 
while the bulk density was assumed to be 1.9 Mg/m 
Old lagoon deposits are given the parameters reported by 
Messrs Wimpey (1963), these are:-
c 1 = 0 
0 '= 31.0° 
Bulk density = 1.7 Mg/nT 
(This density i s that of consolidated d e p o s i t s ) . 
The a l l u v i a l materials i n the v a l l e y s have also been assigned 
the parameters determined from Messrs Wimpeys i n v e s t i g a t i o n . 
C = 8.62 kN/m2 
0' = 31.0° 
Bulk density = 2.051 Mg/m 
5.3.3.3. Section A-A (Figure 5.8) 
5.3.3.3.1.Factor of Safety 
This section i s drawn along the l i n e of one of the i n f i l l e d 
v a l l e y s under the East Ti p . A study of the shear strengths of 
the m a t e r i a l s involved (Figure 5.13) shows t h a t the alluvium on 
the v a l l e y f l o o r i s stronger than any materials i n the t i p i t s e l f 
As i t i s reported as a sandy s i l t i t is u n l i k e l y to develop 
excess pore pressures. I t should not, t h e r e f o r e , adversely 
a f f e c t the tip's s t a b i l i t y . This i s indeed found to be the case. 
The minimum f a c t o r of safety of any c i r c l e drawn t a n g e n t i a l 
to the base of the alluvium i s I.56, whereas the minimum f o r 
the t i p i s 1.48, on a surface t a n g e n t i a l to i t s base. This 
being so, the presence of alluvium has been ignored i n a l l the 
other sections. I t w i l l be seen t h a t a l l these minima are 
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c o n t r o l l e d by the postulated zone of weathering on the o l d t i p . 
For f a i l u r e surfaces i n the new discard, the minimum i s 1.59-
Hence the presence of a weak, weathered zone i n the s p o i l heap 
can produce a drop i n the f a c t o r of safety of 0.11, i f as i n 
t h i s case, the v/eathered surface approaches the toe of the t i p . 
5«3«3.3.2. E f f e c t of changes i n parameters m and z 
The s e n s i t i v i t y of the f a c t o r of safety to v a r i a t i o n s i n 
the curved Mohr f a i l u r e envelope parameters m and z was tested 
using t h i s s e c t i o n . A c i r c l e shown as a dashed l i n e on 
Figure 5*8, which passes through new discard only, was chosen. 
The e f f e c t of varying the parameters m and z i s shown i n 
Figures 5-1^ and 5»15« 
I t can be seen th a t there i s a p o s i t i v e c o r r e l a t i o n 
between the Factor of Safety (F) and z and between F and m. 
A change of 0.01 i n z r e s u l t s i n a change of O.O85 i n F, 
whereas a change of 0.01 i n m only gives a corresponding change of 0.015* 
Now as the Factor of Safety i s found to + 0.005,(i.e. a possible 
range of 0.0]) i t f o l l o w s that the z parameter can vary by up to 
0.0012 before a change i n F v / i l l r e s u l t . S i m i l a r l y m may vary 
by up to O.OO67 before a change i n F occurs. I t follows from 
t h i s that n e i t h e r need to be quoted to more than three decimal 
places. 
5.3.3.^. Section B-B (Figure 5.9) 
5*3.3.^.l. Factor of Safety 
This section i s drav/n where the o l d lagoon i n the East t i p 
i s closest to the toe of the slope i n the area of the steepest 
proposed f i n a l p r o f i l e . I n t h i s case the c r i t i c a l f a i l u r e 
surfaces are shallow (13 metres maximum depth). A Factor of 
Safety of 1.35 e x i s t s f o r the main slope, but f o r the short 
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steep sections on i t , the Factor of Safety i s 1.17. Whilst t h i s 
i s less than the s p e c i f i e d value of 1.25 customarily required 
by the National Coal Board f o r n o n - c r i t i c a l areas, the s l i p 
plane i s shallow, and i t can be concluded that most of the 
m a t e r i a l a f f e c t e d w i l l weather and develop cohesion, thus 
improving the Factor of Safety. From Figure 5.13 i t w i l l be 
observed t h a t weathered s p o i l i s i n f a c t stronger than unweathered 
2 
s p o i l i n the e f f e c t i v e normal stress range up to 100 kN/m 
(accommodated by the p o t e n t i a l f a i l u r e under c o n s i d e r a t i o n ) , due 
to i t s developed cohesion. When a weathered crust of 3 metres 
depth i s assumed over the surface of the new t i p , the Factor 
of Safety increases to 1.^7 which i s acceptable. Thus the 
s t a b i l i t y of the face would only give cause f o r concern over 
the f i r s t s i x months a f t e r c o n s t r u c t i o n . 
The low Factors of Safety on t h i s face can also be increased 
at the c o n s t r u c t i o n time by smoothing out the steps i n the p r o f i l e , 
or by emplacing stronger m a t e r i a l only i n t h i s section (e.g. 
run-of-mine d i r t ) . By employing the p r o f i l e shown by the dotted 
l i n e i n Figure 5«9i the Factor of Safety increases to 1.44 and 
the volume of s p o i l marginally increases. I t i s understood 
(Mr. A.R. Bacon, personal communication) th a t t h i s l a s t named 
option i s to be employed. 
Under e f f e c t i v e s tress c o n d i t i o n s , w i t h f u l l d i s s i p a t i o n of 
pore water pressures, the presence of the lagoon i s not 
d e t r i m e n t a l to the s t a b i l i t y . This i s because, under these 
c o n d i t i o n s , the lagoon sediments are stronger than the t i p 
materials (Figure 5-13). The Factor of Safety f o r a s l i p 
surface passing through the lagoon i s i n f a c t 2.83. Even when 
the lagoon i s assumed to l i q u e f y completely and possess zero 
s t r e n g t h , the Factor of Safety i s s t i l l I.56. I t i s too deeply-
buried w i t h i n the coarse discard of the s p o i l heap to have any 
serious e f f e c t upon o v e r a l l s t a b i l i t y . The same argument applies 
to the weathered crust of the o l d t i p . 
5.3.3.^.2. Comparison of d i f f e r e n t evaluations of shear 
s t r e n g t h parameters 
This being the most c r i t i c a l cross-section, the l i n e a r Mohr 
envelope and the 0 • f i t were also used i n the analysis i n order 
to t e s t t h e i r e f f e c t s (Figure 5 . l 6 ) . Using the l i n e a r envelope, 
the Factor of Safety i s increased to 1.42 and the shallow s l i p 
surface which had a Factor of Safety of 1.17 using a curved 
envelope now has a Factor of Safety of I.56. This increase i s 
due to the e f f e c t of cohesion which g r e a t l y enhances the apparent 
s t a b i l i t y of a shallow s l i p surface (N.B. the e f f e c t of weathering 
mentioned above). I t i s i n these circumstances th a t a l i n e a r 
envelope may s e r i o u s l y overestimate the value of the Factor 
of Safety. 
The 0'' approach (McKechnie, Thomson and Rodin, 1972) was 
described i n Chapter 3-1. I t was not developed f o r S t a b i l i t y 
c r i t e r i a , and as w i l l be seen i t i s not very r e a l i s t i c when 
employed f o r such a purpose. The 0 f e value of new Gedling 
s p o i l i s 27.2°. Using t h i s , the Factor of Safety f o r Section B-B 
i s only 1.02. This i s a severe underestimate and i s a r e s u l t 
of the shear s t r e n g t h defined by the 0' l i n e , being much 
lower than the a c t u a l shear s t r e n g t h f o r a l l shallow s l i p 
planes (Figure 5«l6). As Gedling s p o i l has a markedly curved 
envelope, the d i s p a r i t y i s great i n t h i s case. 
5.3.3.5. Section C-C (Figure 5.10) 
During c o n s t r u c t i o n an area of very high pore pressure 
has developed i n the south eastern corner of the East Tip. 
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Pore pressures of over 30 metres of water ( i . e . higher than 
the height of the t i p at the present time) have been measured 
under the crest of the t i p (see Figure 5*10). These pore 
pressures have gradually d i s s i p a t e d over the past two years, 
because construction has been stopped i n t h i s area. I t was 
decided to carry out a s t a b i l i t y analysis of the steepest section 
a f f e c t e d , to ascertain whether s t a b i l i t y had, i n f a c t , been 
jeopardized. 
As can be seen i n Figure 5.10, the area of very high 
pore pressures i s deeply bu r i e d , being 20 metres below the 
creGt of the t i p . No excess pore pressures are developed i n 
the large toe area. This geometry i s found to be s t a b l e , the 
lowest Factor of Safety being 2.03. The analysis suggests t h a t 
high pore pressures i n t i p s are not a cause f o r concern provided 
t h a t they are only generated at depth beneath the c r e s t a l s e c t i o n 
of the t i p . High pore pressures near the toe would be considerably 
more dangerous. 
5.3.3.6. Section D-D (Figure 5.H) 
This section i s drav/n across the West T i p , where the o l d 
lagoon i s closest to the toe. This lagoon was formed some time 
before 19^1 by damming a v a l l e y between the heaps i n t h i s area. 
The dam v/as gradually r a i s e d when necessary by t i p p i n g over i t s 
upstream face, which produces a " f i r t r e e " p r o f i l e (Figure 5.17). 
The downstream extent of the lagoon materials v/as not determined 
during Messrs V.'impeys i n v e s t i g a t i o n , and the extent has been 
estimated by p r o j e c t i n g a l i n e from the two known points on 
the downstream face of the lagoon. 
Examination of the cross section (Figure 5.11) shows tha t 
the lagoon boundary f u r t h e s t from the toe i s steep. Nov/, the 
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lagoon deposits w i l l be very compressible, while the coarse 
discard w i l l not. I n t h a t part of the t i p v/hich l i e s above 
8*f metres A.O.D., i . e . above the l e v e l of the lagoon, there 
w i l l be r e l a t i v e movement between t h a t part v/hich i s founded 
on lagoon sediments and that which i s not. This movement w i l l 
take place above the lagoon boundary, and w i l l thus be concentrated 
i n t o a small area. 
I t i s possible to c a l c u l a t e the settlement of compressible 
deposits using the r e l a t i o n : -
H (e - e ) 
d H = ( 1 + e ') (Terzaghi and Peck, 1967) 
o 
where H = thickness of deposit 
e = i n i t i a l voids r a t i o o 
e^= voids r a t i o at f u l l pressure 
There are, however, no c o n s o l i d a t i o n data f o r t h i s lagoon. 
Data obtained f o r new lagoons on the West t i p during the course 
of t h i s researth had to be employed instead. Taking the worst 
co n d i t i o n s , the o u t l e t sample materials pressure-voids r a t i o 
r e l a t i o n s h i p was used (Figure 4.18). The thickness of s p o i l 
over the lagoon v / i l l reach 30.8m and the depth of s l u r r y / t a i l i n g s 
at t h i s p o i n t i s 17.5m. With a density of 2 Mg/m^  f o r the s p o i l , 
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a pressure of 600 kM/m w i l l be exerted on the lagoon m a t e r i a l s . 
With an i n i t i a l voids r a t i o of 1.19 (Table * f . l l ) and a value 
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of O.65 at 600 kN/m (Figure 4.18), the settlement would be 
4.3 metres. Gedling s p o i l drops to a r e s i d u a l shear str e n g t h 
a f t e r a displacement of two metres (Figure 2.1*0. I t i s q u i t e 
possible t h a t a zone of coarse discard i n the v i c i n i t y of the 
lagoon banks may be subject to shear displacements such t h a t 
i t f a l l s to a r e s i d u a l s t r e n g t h (see Figure 5 » H ) . 
S i m i l a r displacements must a f f e c t the lagoon deposits. 
There i s , however, no i n f o r m a t i o n on e i t h e r the r e s i d u a l 
s t r e n g t h , or the shear displacement required to a t t a i n i t , f o r 
Gedling T a i l i n g s . The bulk sample of Cadeby t a i l i n g s (Chapter 
^.2.1.) showed no f a l l - o f f i n s t r e n g t h w i t h displacement, and 
present day Gedling t a i l i n g s do resemble Cadeby chemically 
(Table ^.3)« They may ther e f o r e e x h i b i t a s i m i l a r behaviour. 
P o t e n t i a l f a i l u r e surfaces drawn through the area of 
r e s i d u a l strength show no signs of i n s t a b i l i t y , the Factors of 
Safety being greater than 2.0 (surfaces (2) and ( 3 ) i Figure 5»11)» 
Thus ;whether or not there i s a small area of low s t r e n g t h i n 
the lagoon at the bank f u r t h e s t from the toe i s immaterial. 
Before leaving the subject of p o t e n t i a l f a i l u r e areas i n 
the s p o i l i t i s p e r t i n e n t to consider the p o s s i b i l i t y of bearing 
capacity f a i l u r e s during the c o n s t r u c t i o n of the t i p over the 
lagoon. 
The problem of the bearing capacity of clays when o v e r l a i n 
by embankments has been analysed by Raymond (1967), and h i s 
s o l u t i o n has been u t i l i z e d here. A major problem i n c a l c u l a t i n g 
the bearing capacity of the lagoon i n the West t i p i s the lack 
of undrained shear s t r e n g t h data. Vane t e s t r e s u l t s from the 
o u t l e t of the old East t i p lagoon have had to be employed 
instead. A desiccated crust of lm thickness has also been 
assumed, t h i s being the thickness of crust i n the o l d East Tip 
lagoon (Figure k.kl). 
According to Raymond (1967), the minimum Factor of Safety, 
5.5 c 
F,. against l o c a l i z e d f a i l u r e * of an embankment i s m 
3 
* With s o i l s i n which undrained shear s t r e n g t h increases w i t h 
depth, such as lagoons, the Factor of Safety against general f a i l u r 
i s l a r g e r than that against l o c a l i z e d f a i l u r e . 
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where:-
C = minimum undrained shear s t r e n g t h m ° 
q g = equivalent value of i n t e n s i t y of loading 
2 
In the present case, Cm i s equal to 3 kH/ro (Figure 4 . 4 l ) . For 
a value o f F o f 2, q g i s therefore 8.25 kN/m . This basic value 
should be modified s l i g h t l y to allow f o r the spread of the load 
through the desiccated c r u s t . As t h i s crust i s t h i n , however, 
t h i s m o d i f i c a t i o n (which would increase the value of q &) has 
been ignored. 
The value q g i s r e l a t e d to the embankment by the r e l a t i o n : 
4e 2 + 4b. e + b 2 3 v u 
3e + 3b. e + b 
where 
b = width of side slope of embankment 
e = distance of shoulder from backscarp of f a i l u r e 
2f = bulk density of embankment m a t e r i a l 
h = height of embankment. 




Now, the bulk density of compacted Gedling s p o i l i s approximately 
2 Mg/m5. Therefore, 
h x 2 x 3 _ 8.25 5 ~ 978T 
h = 0.56m 
With a Factor of Safety of u n i t y , t h i s value would be doubled, 
to approximately lm. However, the p o s s i b i l i t y s t i l l a r i s e s 
t h a t bearing capacity f a i l u r e s , at l e a s t of l i m i t e d extent, 
occurred during the o v e r t i p p i n g of the lagoon. Whether they 
would s e r i o u s l y weaken the coarse discard, i s however, d o u b t f u l . 
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The f a i l u r e surfaces due to bearing capacity f a i l u r e s w i l l be 
v i r t u a l l y v e r t i c a l i n the coarse discard, and hence nearly 
perpendicular t o any f a i l u r e surface i n v o l v i n g the main t i p . 
Furthermore, at the low pressures (0-100 kM/m ) operative i n 
the s p o i l at the time of a bearing capacity f a i l u r e , shear 
s t r e n g t h reduction i s reduced (Chapter 3.3.1.). The possible 
existance of a zone of bearing capacity type f a i l u r e s above the 
lagoon has therefore been ignored i n the analyses. 
Turning to the s t a b i l i t y of the f i n a l p r o f i l e , i t has 
already been mentioned that f a i l u r e surfaces through the end 
of the lagoon remote from the toe have Factors of Safety greater 
than 2. I n f a c t , under e f f e c t i v e stress c o n d i t i o n s , w i t h f u l l 
d i s s i p a t i o n of pore pressures, the most c r i t i c a l surface passes 
through the zone of weathered s p o i l i n the o l d t i p . I t has a 
Factor of Safety of l.'+5» which i s acceptable. 
Since the lagoon sediments are f i n e - g r a i n e d , f u l l 
d i s s i p a t i o n of pore pressures may not be achieved u n t i l some 
time a f t e r c o n s t r u c t i o n has been completed. I n order to evaluate 
the necessity f o r c a l c u l a t i n g probable pore pressures, the 
Factor of Safety assuming zero s t r e n g t h f o r the lagoon deposits 
was c a l c u l a t e d . This was 0.if3» i n d i c a t i n g t h a t an attempt had 
to be made to evaluate pore pressures i n the lagoon. 
Pore pressures are usually c a l c u l a t e d by using Skempton's 
A and B pore pressure parameter r e l a t i o n s h i p , customarily 
c a l c u l a t e d from consolidated-undrained t r i a x i a l t e s t s w i t h pore 
pressure measurement. As t h i s t./pe of t e s t has not been 
performed on the Gedling lagoon deposits, another approach 
had t o be used. 
I t i s possible to c a l c u l a t e pore pressure d i s t r i b u t i o n s 
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from the c o e f f i c i e n t of c o n s o l i d a t i o n . The method, which i s 
o u t l i n e d i n Lambe and Whitman, (1969) considers the pore 
pressure i n a co n s o l i d a t i n g l a y e r , v i z ; 
00 
u = u 5 ^ To-rr"—%- " \T/ " " ) _-(2N+irn~ T/f e o 7C n=o (2 
(25) 
c t 
where T = — — 
H = thickness of c o n s o l i d a t i n g l a y e r per drainage surface 
z = depth w i t h i n the c o n s o l i d a t i n g layer at which the 
pore pressure i s required 
t = time since s t a r t of c o n s o l i d a t i o n 
u g = pore pressure a f t e r time t 
U q = i n i t i a l pore pressure 
N i s an i n t e r ^ e r of the se r i e s 0,1,2,3 
The i n i t i a l pore pressure i s taken as being equal to the 
i n i t i a l l oad. This w i l l be the case when the m a t e r i a l i s 
f u l l y saturated*. 
The expression above i s derived from Terza.ghi's c o n s o l i d a t i o n 
equation v i z ; 
& U & U Iff 
c 1~ = -r4 - (26) 'v ^2 " S t " i t 
where & = t o t a l s t r e s s . 
I f t o t a l stress i s assumed constant w i t h time, i . e . — f T = 0 
c t A t V z and i f the s u b s t i t u t i o n T = and Z = 7? are made, t h i s 
H H 
equation becomes 
<5^ u ou 
17 " - r f ( 2 7 ) 
* When the ma t e r i a l i s not f u l l y saturated, the pore pressure 
developed w i l l be less than the i n i t i a l load. 
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I f u n i a x i a l drainage i s assumed, the f o l l o w i n g conditions 
apply: 
I n i t i a l c o n d i t i o n at t = 0 
u = u f o r 0 ^ 2 ^ 2 e o 
Boundary c o n d i t i o n at a l l t 
u = 0 f o r Z = 0 and Z = 2 e 
The s o l u t i o n of the d i f f e r e n t i a l equation has been assessed 
(e.g. Taylor, 19^8) and i s : 
». - w ? o T2i£i7 ( s i n I z < 2 N + 1 ) ) e" < ! ( 2 B * 1 ) ) 2 t 
(28) 
I f Z i s now replaced by —, the equation, number (25) 
i s achieved. 
Using t h i s equation (25), i t i s possible to c a l c u l a t e the 
pore pressure i n a layer of cl a y , the load on which has been 
p e r i o d i c a l l y increased. The pore pressure due to a load 
increment can be c a l c u l a t e d a f t e r the time, t , which has elapsed 
since i t v/as emplaced to the time when the l a s t load v/as emplaced. 
The pore pressures due to a l l such load increments are summed, 
and added to that due to the f i n a l load increment to give the 
cal c u l a t e d pore pressure. Since the c a l c u l a t i o n depends upon 
c^, and t h i s parameter i s generally underestimated i n c o n s d l i d a t i o n 
t e s t s (Chapter ^.2.1.9), i t f o l l o w s that the pore pressure 
ca l c u l a t e d w i l l be an overestimate of the a c t u a l pore pressure. 
While the c a l c u l a t i o n s can be performed by hand, i t i s 
quicker t o computerize them. This has been accomplished using 
the short program i n Appendix C. I t should be noted that the 
oo 
i s a converging s e r i e s . As N increases the i n d i v i d u a l terms 
become smaller u n t i l they f i n a l l y become i n s i g n i f i c a n t . They 
are ignored once they are less than 10 ^. 
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Where a load i s applied i n stages, and excess pore-
pressures are able to d i s s i p a t e w i t h time, i t w i l l be 
appreciated that the degree of pore pressure b u i l d up w i l l 
depend upon the r a t e at which the load i s ap p l i e d . A ser i e s 
of estimates of pore pressure have been c a l c u l a t e d , assuming 
d i f f e r i n g r a t es of loading. 
The value of the Factor of Safety was then c a l c u l a t e d 
f o r each pore-pressure d i s t r i b u t i o n . The loading r a t e at 
v/hich i t surpassed the permisaable value could then be taken 
as the safe c o n s t r u c t i o n r a t e . 
I n order to c a l c u l a t e the pore pressure d i s t r i b u t i o n s , 
some assumptions have had to be made about the lagoon and i t s 
p r o p e r t i e s . F i r s t l y , the i s . assumed to be 30.4 m / y r . This 
i s the average value f o r the o u t l e t sample from Lagoon 12 on 
the Western t i p . This sample being one of the f i n e s t grained 
lagoon samples, the of the o l d lagoon i s u n l i k e l y to be lower 
than t h i s value. Secondly the lagoon materials are assumed to 
have double drainage. 
This assumes tha t the o l d s p o i l on top of the lagoon and 
the rock upon which the lagoon stands are free d r a i n i n g . The 
ol d s p o i l v/as not heavily compacted, and the foundation rocks 
are the Waterstones, so that t h i s assumption i s probably v a l i d . 
The pore pressure d i s t r i b u t i o n s are cal c u l a t e d at f i v e 
l o c a t i o n s which are marked on Figure 5.11. 
Two d i f f e r e n t l i f t heights were employed, 5 and 2.5 metres. 
5 metres i s the t h i c k e s t l i f t allowed by the National Coal Board. 
The pore pressure d i s t r i b u t i o n s v/hich y i e l d a c r i t i c a l Factor of 
Safety near to the minimum acceptable value of 1.25 are given i n 
Table 5-3. 
I t can be seen t h a t , w i t h 5m l i f t s , even w i t h a four year 
period between l i f t s , the Factor of Safety i s s t i l l only 1.24, 
i . e . j u s t below the acceptable l e v e l . V/ith 2.5m l i f t s , the 
Factor of Safety reaches an acceptable value of 1.29 w i t h only 
4.5 months between l i f t s . The f a s t e r c o n s t r u c t i o n r a t e which 
i s possible w i t h the t h i n n e r l i f t s i s due to the lower i n i t i a l 
pore pressure produced by the l a t t e r (10.06 metres of water f o r 
5m l i f t s , 5»03 metres of water f o r 2.5m l i f t s ) . The c r i t i c a l 
f a i l u r e surface, which i s the same f o r a l l the c r i t i c a l pore 
pressure d i s t r i b u t i o n s , i s shown by a dashed l i n e on Figure 5»H» 
I t can be seen th a t i s passes through the part of the lagoon 
beneath the downstream bank. Hence, i t i s i n t h i s area t h a t 
pore pressures must be c o n t r o l l e d . I t i s obviously desirable 
f o r a l i n e of peizometers to be i n s t a l l e d i n the lagoon 
sediments, although i f only 2.5 metre l i f t s are employed, no 
serious t r o u b l e should a r i s e provided t h a t l i f t s are emplaced 
at i n t e r v a l s greater than 4.5 months. 
5.5.3.7. Section E-S (Figure 5*12) 
This section i s drawn i n the area of steepest p r o f i l e 
where an arm of the o l d lagoon occurs (Figure 5»7). Using 
s i m i l a r arguments to those i n the previous section the maximum 
d i f f e r e n t i a l settlement was c a l c u l a t e d . I n t h i s case i t was 
2.2 metres, again s u f f i c i e n t to reduce the shear s t r e n g t h of 
Gedling s p o i l to i t s r e s i d u a l shear s t r e n g t h . 
As i n Section D-D, the p o t e n t i a l r e s i d u a l area does not 
produce any apparent i n s t a b i l i t y , Factors of Safety f o r s l i p 
surfaces passing through i t being greater than 2.2. The 
minimum Factor of Safety, 1.63, i s again on a surface passing 
through the weathered zone of the o l d t i p . 
I f the lagoon were assumed to l i q u e f y due to s e i s m i c i t y 
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TABLE 5.3 
CALCULATED PORE PRESSURES AT 5 LOCATIONS IN WEST TIP LAGOON 
FOR DIFFERENT LOADING RATES 








0.333 O.667 1.0 1.333 I.667 
A 10.07 10.08 10.09 10.08 10.07 One 5m 
B 12.54 14.36 15.02 14.36 12.54 l i f t 
1.17 
C 12.62 14.50 15.18 14.50 12.62 per 
year 
D 12.36 14.05 14.67 14.05 12.36 
E 11.96 13.34 13.85 13.34 11.96 
A 10.06 10.06 10.06 10.06 10.06 One 5m 
B 10.38 IO.63 10.71 IO.63 10.38 l i f t 
C 10.34 10.55 10.63 10.55 10.34 per 1.24 
D 10.26 10.40 10.46 10.40 10.26 4 yrs 
E 10.19 10.28 10.32 10.28 10.19 
A 6.71 7.94 8.38 7.94 6.71 One 
B 13.96 19.64 21.44 19.64 13.96 2.5m 
C 14.68 20.98 23.02 20.98 14.68 l i f t 1.24 
D 15.63 22.78 25.19 22.78 15.63 per 3 
E 15.12 22.04 24.41 22.04 15.12 mths 
A 5*88 6.50 6.72 6.50 5.88 One 
B 12.03 16.83 18.47 16.83 12.03 2.5m 
C 12.37 17.47 19.23 17.47 12.37 l i f t 
D 12.55 17.85 10.72 17.85 12.55 per 4.5 
1.29 
E 11.91 16.80 18.54 16.80 11.91 mths 
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TABLE 5.3 (Continued) 
Location Pore Pressure i n metres of water Loading C r i t i c a l Factor 
of 
Safety 
(Fig.5.11) D* Rate 
A 5.^9 5.82 5.95 5.82 5.49 One 
B 10.58 14.67 16.08 14.67 IO.58 2.5m 
C 10.79 14.90 16.37 14.90 10.79 l i f t 1.33 
D 10.62 14.64 16.09 14.64 10.62 
per 6 
mths 
E 10.01 13.61 14.91 13.61 10.01 
* D = Depth i n c o n s o l i d a t i n g l a y e r from i t s top surface Thickness of the c o n s o l i d a t i n g layer per drainage surface 
or sudden loading (e.g. conventional r o t a t i o n a l f a i l u r e ) i t s 
shear s t r e n g t h could be assumed to be n e g l i g i b l e . Even under 
these circumstances the Factor of Safety does not drop below 
1.^1 (on surface (3) Figure 5*12). This being so, no attempt 
was made to assess pore water pressures i n the lagoon, as was 
appropriate i n the case of Section D-D. 
Gale Common pulverized f u e l ash lagoon, 
A shale embankment on weak foundations. 
5.*+«l» I n t r o d u c t i o n 
The lagoons at Gale Common, near K n o t t i n g l e y , Yorkshire 
(Grid Ref. SE 535217) provide f o r the disposal of some 1 m i l l i o n 
tonnes of pulverized f u e l ash (P.F.A.) per annum from the 
Eggborough and Ferrybridge coal f i r e d pov/er s t a t i o n s . The 
disposal s i t e l i e s approximately between the two power s t a t i o n s 
so t h a t the P.F.A. i s pumped by p i p e l i n e as a s l u r r y over 
distances of about 7.2km (Ferrybridge) and ^ .Skm (Eggborough) 
(Figure 5 - l 8 ) . 
The scheme, which v/as s t a r t e d i n 196^1 has reached the 
stage shown i n Figure 5-19. I t consists of the two main lagoons 
A and B of 21.3 hectares combined a r e a l extent, and the two 
emergency lagoons, C and D, of 20 hectares a r e a l extent. There 
are two experimental lagoons (E and F) on the north east side of 
lagoon D. U l t i m a t e l y the lagoons and containing embankments 
w i l l form a landscaped h i l l over 7^m i n height, and f u r t h e r 
lagoons are planned t o the south of the s i t e . 
Pumped P.F.A. s l u r r y i s e i t h e r processed i n the vacuum 
f i l t r a t i o n plant at the s i t e to produce conditioned P.F.A. 
f o r embankment co n s t r u c t i o n purposes, or i f the s o l i d s 
concentration i s too low, i t i s pumped d i r e c t l y i n t o the main 
lagoons A or B. The p r i n c i p a l embankments are of composite 
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c o n s t r u c t i o n w i t h c o l l i e r y shale from K e l l i n g l e y C o l l i e r y 
(some 2 km to the WW) mainly i n the upstream section and 
conditioned P.F.A. forming the downstream section as i l l u s t r a t e d 
i n Figure 5-20. The southern embankment to date i s e n t i r e l y 
of c o l l i e r y s h a l e 
The compacted embankments are being constructed according 
to conventional engineering p r i n c i p l e s , and i n order t o c o n t r o l 
seepages through the s t r u c t u r e a chimney d r a i n i s incorporated 
behind the upstream shoulder, and t h i s i s l i n k e d to a system of 
fi n g e r drains .which terminate i n a rock toe surrounding the main 
lagoons (see Figures 5.19 and 5»20). 
A f t e r the i n c e p t i o n of the scheme, i t became apparent t h a t 
the q u a n t i t i e s of conditioned and untreated P.F.A. were such 
that i t would be. necessary t o i n v e s t i g a t e the p o s s i b i l i t y of 
increasing'lagoon capacity, without increasing the amounts of 
cons t r u c t i o n m aterials involved.- A complete review of the design 
was t h e r e f o r e instigated,-.'including-additional s i t e i n v e s t i g a t i o n 
and l a b o r a t o r y testing,- t o increase the understanding of the 
geology and engineering p r q p e r t i e s of the complex foundation 
sediments .which have an important bearing on the s t a b i l i t y of 
the embankments and upon settlement behaviour. I n a d d i t i o n , 
sampling and la b o r a t o r y t e s t i n g of the c o n s t r u c t i o n m a t e r i a l s 
were put i n hand during the 1974 f i e l d i n v e s t i g a t i o n i n order 
to optimise design parameters (see Taylor, Barton, M i t c h e l l and Cobb, 
1976). A f u r t h e r p o t e n t i a l l y complicating f a c t o r t h a t has had to be 
considered is-underground-coal-mining. The 1.5m t h i c k Beeston seam 
i s being worked at about 700m beneath the s i t e from K e l l i n g l e y 
C o l l i e r y . I n s o f a r as the main lagoons A"and B are concerned, a 
panel (Beestons 72*s) was a n t i c i p a t e d t o produce a maximum subsidence 
of 240mm'(National Coal Board, 1975, Walton, 1974). The panel 
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shown i n Figure 5*19 was temporarily discontinued e a r l y i n 1973» 
however, because of f a u l t i n g d i f f i c u l t i e s and hence a g r e a t l y 
reduced maximum subsidence could be a n t i c i p a t e d (circa.25mm). 
I n f a c t , the average subsidence recorded i n the v i c i n i t y of 
the main lagoons over the 17 months following the temporary 
d i s c o n t i n u a t i o n of the panel i s only 7»6mm. Three markers s i t u a t e d 
on the l i n e of the o u t f a l l c u l v e r t however, (Figure 5»19i Lagoon A) 
have shown downward movements of up to 5^ Part of t h i s subsidence 
can undoubtedly be a t t r i b u t e d to settlement of the compacted f i l l 
and foundation sediments. The present subsidence i s consequently 
of s m a l l e r magnitude than o r i g i n a l l y p r e d i c t e d , but renewed 
working of the panel i s expected to r e s u l t i n f u r t h e r movements. 
The f a c t o r s a f f e c t i n g the s t a b i l i t y of the southern embankment 
of Lagoon B which i s b u i l t of c o l l i e r y s p o i l w i l l be the primary 
concern of t h i s S e c t i o n . 
5.;-t-.2. Foundation m a t e r i a l s 
5.^.2.1. Geolog i c a l setting 
As the foundation m a t e r i a l s are weak i n comparison to the 
con s t r u c t i o n m a t e r i a l s (Figure 5«2l), the g e o l o g i c a l s e t t i n g 
w i l l be considered i n d e t a i l . 
The s k e t c h map (Figure 5.22),(Wilson, 19^8) shows that Gale 
Common l i e s w e l l to the south of the l i m i t of Devensian (Newer 
D r i f t ' ) T i l l s i n the Vale of York. I t i s al s o outside the 
Devensian maximum i c e l i m i t r e c e n t l y postulated for the region 
by Gaunt (1976). I t does, however, l i e w i t h i n the area formerly 
occupied by Lake Humber i n Devensian times. Much of the 25-Foot 
D r i f t (V/arp and L a c u s t r i n e c l a y c f the older survey s h e e t s ) of 
the Vale of York, which i s present beneath Gale Common, was 
deposited i n the l a t e r , l o w - l e v e l phase of t h i s l a k e . 
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i n Figure 5.23 and d e t a i l s of the sub-divided sediments both 
i n terms of l i t h o l o g y and chronology are given i n Table 5»^» 
Apart from the thin . blanket bog horizon (peat) at the top of 
the s u c c e s s i o n and p o s s i b l y the gr a v e l and sand bed which 
immediately o v e r l i e s Bunter Sandstones or Permian Upper Marl, 
the remaining horizons comprise 25-Foot d r i f t deposits of 
undoubted Devension age. 
With respect to the upper sandy bed of the 25 oot D r i f t 
(horizon 5 i n Table 5«'+) the d r i l l e r s ' logs imply that i t i s 
not e n t i r e l y remnant levee m a t e r i a l of the post - Lake Humber 
p r o t o - r i v e r s . Sandy and s i l t y i n t e r c a l a t i o n s i n the underlying 
upper s e c t i o n of the Lake Humber c l a y s tend to h i g h l i g h t the 
fa c t that Gale Common was very c l o s e to the s h o r e - l i n e during 
the low-ilevel phase of the la k e . There i s a l s o some evidence 
to suggest that the lake may have emptied r a t h e r r a p i d l y . Both 
v i s u a l observations from the t r i a l trenches r e f e r r e d to i n 
Table 5-5 and mi n e r a l o g i c a l v a r i a t i o n s suggest that e n t r a i n -
ment of coar s e r grained m a t e r i a l during t h i s l a t t e r phase might 
w e l l have been p a r t l y r e s p o n s i b l e for the upper c l a y being 
coarser grained and disturbed over much of the s i t e . 
S i g n i f i c a n t v a r i a t i o n s i n l i t h o l o g y , bed t h i c k n e s s and 
the ge o t e c h n i c a l p r o p e r t i e s of the p r o - g l a c i a l l a c u s t r i n e 
sediments can be a t t r i b u t e d to the c l o s e proximity of the Lake 
Humber s h o r e l i n e as shown i n Figure 5»22. 
The 25-Foot D r i f t s u c c e s s i o n of upper sand, c l a y and lower 
sand which are defined on the c r o s s s e c t i o n s i n Figure 5-2^ i s 
compatible with other l o c a l i t i e s such as Ingham, nr Goole 
(Gaunt et a l 197*0, but the underlying g r a v e l s at Gale Common 
cannot e a s i l y be c o r r e l a t e d with neighbouring de p o s i t s . 
Mr. G.D. Gaunt ( P e r s . comm) i d e n t i f i e d v e n t i f a c t s on top of the 
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g r a v e l s when they were exposed i n the aquaduct trench which 
c r o s s e s the s i t e (see Figure 5.19). T h i s f a c t , together with 
the obvious weste r l y d e r i v a t i o n of the pebbles leads him to 
suspect that the g r a v e l s are f l u v i a l deposits, e i t h e r of 
Ipswichian i n t e r g l a c i a l age, and so equivalent to the Older 
R i v e r Gravel on the I.G.S. Doncaster (88) shee t s , or of 
Devension age but formed p r i o r to the i n i t i a t i o n of Lake Humber 
i n Late Devension times (Gaunt, 197*0. I n the absence of 
m a t e r i a l from the 1963 boreholes i t can only be concluded that 
the g r a v e l s are almost c e r t a i n l y f l u v i a t i l e i n o r i g i n and that 
they pre-date the Lake Humber sediments. 
5.^.2.2. F i e l d I n v e s t i g a t i o n 
During 1963, the i n i t i a l s i t e i n v e s t i g a t i o n e n t a i l e d the 
s i n k i n g of some 2k s h e l l and auger boreholes, supplemented 
by 28 shallower auger holes. The l o c a t i o n s of these boreholes 
with r e s p e c t to the current c o n s t r u c t i o n area are shown i n 
Figure 5.19. Within the proposed confines of Lagoons A and B 
a f u r t h e r 4? shallow probe holes were sunk a f t e r c o n s t r u c t i o n 
commenced. 
During 197^ the d e t a i l e d re-examination of the s i t e included 
an in-depth study of the geology and the p r o p e r t i e s of the c l a y 
horizon of the 25-Foot D r i f t . I n the f i r s t i n s t a n c e grab samples 
v/ere taken by machine from 5 p i t s ( p r e l i m i n a r y foundation p i t s 
I P to 5P» Figure 5«19) i n order to a s c e r t a i n i t s v a r i a t i o n i n 
t h i c k n e s s , i t s fundamental p r o p e r t i e s , and i t s r e l a t i o n s h i p 
with the underlying sandy horizon. Furthermore, these p i t s 
provided an i n s i g h t i n t o ground water conditions, so that an 
e f f i c i e n t pumping scheme could be achieved when the 5 sampling 
trenches, A to E, v/ere excavated. The trenches, up to 10.5m 
long, were excavated p r o g r e s s i v e l y as benches i n order to r e t r i e v e 
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3 0.3m undisturbed p i l l a r samples for laboratory t e s t i n g . 
A d d i t i o n a l l y UlOO's were pressed into the c l a y by the excavator 
bucket to provide a more complete p r o f i l e of the c l a y for 
re-examination. P i l l a r samples of P.F.A. (trenches 1PFA - 3PFA, 
Figure 5.19) and excavated c o l l i e r y s p o i l samples from d i f f e r e n t 
embankment l o c a t i o n s and s t o c k p i l e s provided s u f f i c i e n t m a t e r i a l 
for o p t i m i s a t i o n of shear s t r e n g t h data to be used i n the design 
review. I n addition to the usual s i t e c o n t r o l t e s t s of f i l l 
m a t e r i a l s a complementary programme of i n s i t u density t e s t s 
(sand replacement method) was put i n hand. These e x t r a d e n s i t y 
t e s t s were r e l a t e d to sampling l o c a t i o n s , and i n the case of the 
c o l l i e r y s p o i l provided a laboratory compaction l e v e l for the 
t r i a x i a l and shear-box t e s t s . The r e s u l t s r e l a t i n g to the 
c o l l i e r y s p o i l have been di s c u s s e d e a r l i e r i n t h i s work 
(Chapter 2.3). 
5.^.2.3* Nature of the sediments 
C o r r e l a t i o n of the s u c c e s s i o n l i s t e d i n Table 5 ^ was 
confirmed by some 10 c r o s s - s e c t i o n s , a t y p i c a l example being 
s e c t i o n A-B (Figure 5«2*fa). At one l o c a t i o n (Boreholes 9 and 
50, Fig u r e 5*19) a large slump s t r u c t u r e or c l a y i n f i l l e d 
channel c o i n c i d e s with the downstream perimeter of the v/estern 
part of the southern embankment of lagoon B. The log of borehole 
50 g i v e s the c l a y as being s o f t to firm, w h i l s t the c l a y , 
sandv/iched within the g r a v e l of Borehole 9 i s recorded as being 
firm to s t i f f , and laminated. I t may be that the s t r u c t u r e 
r e p r e s e n t s a pre-Lake Humber channel of laminated c l a y that was 
subsequently eroded and i n f i l l e d wi th weaker non-laminated c l a y 
during Lake Humber sedimentation. That t h i s s t r u c t u r e c o i n c i d e s 
with a f a u l t e d Permian Upper Marl/Bunter sandstone contact may, 
or may not, be s i g n i f i c a n t . The c r o s s - s e c t i o n s i n d i c a t e d that 
both f a u l t e d and unfaulted s u b - d r i f t contacts of marl and 
sandstone have i n v a r i a b l y been s u b j e c t to e r o s i o n . 
The c h a n n e l - l i k e feature i n Figure ^.2kb does not occur 
on any of the other c r o s s - s e c t i o n s , implying a r e s t r i c t e d s i z e 
for the s t r u c t u r e . Assuming that the s t r u c t u r e i s a buried 
channel, and that because of i t s probable east-west o r i e n t a t i o n 
i t might cut the southern embankment at another l o c a t i o n , a 
d i f f e r e n t i a l settlement of the order of 1.1m could be involved 
using most l i k e l y values from oedometer t e s t s , d e t a i l s of 
which are given i n Table 5-7. I f the most unfavourable values 
of mv are employed, the d i f f e r e n t i a l settlement would be 2.2m. 
The a c t u a l r a t e of d i f f e r e n t i a l settlement would be s m a l l , 
however, some 77mm per year at worst. This i s because of the 
slow c o n s t r u c t i o n r a t e of 3«3m i n 2 y e a r s . I t should be 
remembered, however, that there i s no evidence that t h i s channel-
l i k e f e a t u r e a c t u a l l y u n d e r l i e s the embankment. 
Average values of Standard and Cone Penetration T e s t s 
from the i n i t i a l boreholes given i n Table 5.6 suggest that 
the g r a v e l s underlying the 25-Foot D r i f t deposits have a r e l a t i v e 
density verging on dense, v/hilst the o v e r l y i n g more sandy and 
s i l t y beds are g e n e r a l l y very much l o o s e r . Piping i n the bore-
holes could w e l l mean that the values recorded are somewhat 
p e s s i m i s t i c . I n terms of shear s t r e n g t h , the e a r l i e r l aboratory 
t e s t s show that the 0'' values of the f i n e r - g r a i n e d granular 
sediments are i n the range 0 1 = 30° to 37°. 
S.P.T. values together with sample d e s c r i p t i o n s show that 
the bedrock i s commonly weathered to depths of up to 2.25m. 
Borehole 13 (see Figure 5.2*fb) i s unusual i n that N values 
of only 21 to 36 occur to a depth of 7.5m below rockhead. 
The bedrock s t r a t a dip s o u t h - e a s t e r l y at a few degrees. They 
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TABLE 5.6 
GALE COMMON PENETRATION TESTS 
No T e s t s Average N Value 
uncorrected 
General order 
of r e l a t i v e 
d e n s i t y / c o n s istency 
Upper sand 16 11 medium dense 
S i l t y clay- k 11 s t i f f 
Lower sand 18 12 medium dense 
Gravel (with sand) 57 29 medium dense 
Bunter Sandstone 22 13-50+ General 
i n d i c a t i o n s of 
Permian Upper Marl 12 21-50+ weathered s t a t e 
R e l a t i v e density of sand N = *f-10 loose 





RANGE OF CONSOLIDATION PARAMETERS 
(average f o r = 0 to 1255.5 kN/m2) 





I , m / y r 
m v 
m2MN k ( c a l c u l a t e d ) m/s 
Upper 
g e n e r a l l y 
mottled 




25.^ 3<* 21 51 0.3^ k . 7 x 10" 9 
Upper 
(laminated-
i n t e r -
mediate ) 
26.7-27.if 52-53 26 6-9 0.15-0.'+5 2.2xlO' 1 0-9.8xlO' 1 0 
Lower 
laminated 
31.8-36.7 66-77 28-29 3-^ 0.35-0.62 3.6xio" 1 0-9.0xio" 1 0 
Lower 
,(Trench E) 25.1 23 12 0.25 7.6 x 1 0 " 1 0 
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are cut by an east-west f a u l t with a southerly throw to the 
south of the present s i t e . T h i s f a u l t l i e s s l i g h t l y to the 
south of the conjectured p o s i t i o n shown for i t on the published 
g e o l o g i c a l s h e e t s . 
5.^.2.4. D e s c r i p t i o n and c l a s s i f i c a t i o n of the 25Foot D r i f t c l a y 
Considerable v a r i a t i o n i n the g r a i n s i z e composition of the 
25 foot D r i f t c l a y horizon i s evident from the c r o s s - s e c t i o n s . 
The s i m p l i f i e d logs of the ssmple trenches (Table 5*5) provide 
f u r t h e r evidence of t h i s v a r i a t i o n . V i s u a l l y , the most s t r i k i n g 
change i s the upper part of the c l a y being mottled and possessing 
more s i l t and sand than the lower p a r t . 
T h i s upper p a r t , which i s g e n e r a l l y mottled brown/grey 
a l s o shows sig n s of disturbance, caused p a r t l y by r o o t l e t s . 
The mottling i s probably a 'weathering phenomenon, i t extending 
down i n t o the laminated, lower, s e c t i o n i n p l a c e s (e.g. Trench D, 
Table 5-5). 
The c l a y s u c c e s s i o n can be divided into tv/o general d i v i s i o n s 
on colour and macro-structure and these are i l l u s t r a t e d i n 
Figure 5*25. The upper, disturbed, mottled brov/n/grey c l a y i s 
seen i n Specimen 1, while the s t r a t i f i e d dark brown c l a y , 
laminated by s i l t dustings i s shov/n by Specimen j5. 
Within the upper mottled s e c t i o n , however, some of the c l a y 
r e t a i n s a v e s t i g e of a laminated s t r u c t u r e (Specimen 2, Figure 5»25) 
and the c o n s o l i d a t i o n parameters given i n Table 5-10 are i n t e r -
mediate between those of the more t y p i c a l laminated c l a y and 
the mottled c l a y . The i n f l u x of s i l t y sediment and subsequent 
sediment r e d i s t r i b u t i o n followed by weathering was c l e a r l y not 
a uniform process. 
The lower d i v i s i o n of the c l a y i s not uniform, e i t h e r 
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I n the south-western part of the s i t e i t i s l e s s w e l l s t r a t i f i e d , 
as shown by Trenches C and E (Table 5«5). 
Tree roots v/ere common i n a number of the p i t s and trenches, 
the l a r g e s t seen being of 50mm diameter. Examination of the 
samples showed that r o o t l e t s v/ere abundant, penetrating both 
upper and lower c l a y horizons. These tend to give n e a r - v e r t i c a l 
drainage paths i n the sediments. I n a d d i t i o n , n e a r - v e r t i c a l 
d i s c o n t i n u i t i e s ( f i s s u r e s ) were by no means uncommon i n the 
t r i a l trenches, suggesting that d e s i c c a t i o n was prevalent at 
some period post-Lake Humber times. 
Considering the wide v a r i a t i o n i n the nature of the 
a r g i l l a c e o u s sediments i t i s pe r t i n e n t that they f a l l w i thin 
the medium to high p l a s t i c i t y range on the Casagrande P l a s t i c i t y 
Chart i n Figure 5*26, d i s p l a y i n g a l i n e a r r e l a t i o n s h i p p a r a l l e l 
to the'A' l i n e . T h i s i s symptomatic of s o i l s from the same 
stratum (Terzaghi and Peak, 196?)• I n general terms the 25-Foot 
D r i f t c l a y may be regarded as the same stratum, but perhaps 
more importantly, the mineral components are s i m i l a r i n type 
(Tayl o r e t _ a l , 1976). 
5.^.2.5. Consolidation c h a r a c t e r i s t i c s of the c l a y 
The log pressure-voids r a t i o curves i l l u s t r a t e d i n Figure 5.27 
v/ere obtained from oedometer t e s t s on a s e l e c t i o n of samples from 
the 25-Foot D r i f t c l a y . The curves a l l d i s p l a y a convex-upwards 
shape, which i s symptomatic of an overconsolidated deposit. 
The c a l c u l a t e d p r e - c o n s o l i d a t i o n p r e s s u r e s cannot, however, be 
e a s i l y r e c o n c i l e d with f i e l d evidence. For example, that 
c a l c u l a t e d for the Trench B ' l e a f y ' c l a y i s some 78.5 kN/m , 
implying some 5.5'n of o v e r l y i n g sediment has been subsequently 
eroded. The upper sand on the s i t e a t t a i n s a maximum th i c k n e s s 
of 2.9m and the consensus of g e o l o g i c a l and geomorphological 
evidence i n t h i s part of Yorkshire i s against there having 
been any o v e r l y i n g sediments. Thus the overconsolidated 
appearance of the curves i s probably a r e s u l t of d e s i c c a t i o n , 
as suggested by the f i s s u r e s recorded i n the t r i a l t renches. 
The vegetation which was e s t a b l i s h e d presumably a s s i s t e d with 
the d e s i c c a t i o n . 
Average values for c o n s o l i d a t i o n parameters are given' 
i n Table 5«7» I n terms of c^ v a l u e s , the upper part of the 
upper mottled c l a y has considerably higher values than the 
remainder of the 25-Foot D r i f t c l a y . The lowest values come 
from the lower laminated c l a y . Hov/ever, i n the non-laminated 
lower c l a y of Trench E , the values of c are s i m i l a r to those 
v 
i n the lower part of the upper mottled s e c t i o n . 
5.^.2.6. Shear s t r e n g t h parameters of the c l a y horizon 
A wide range of shear s t r e n g t h parameters were obtained 
i n 196^ and one of the aims of the l a t e r i n v e s t i g a t i o n s was to 
i n t e r p r e t these r e s u l t s on a s p a t i a l and depth b a s i s . 
Anisotropy i n 01 i s commonly quite s m a l l , even i n c l a y s 
with a high degree of c l a y mineral o r i e n t a t i o n . A v a r i a t i o n 
of about 3° i s common. In c o n t r a s t , considerable anisotropy 
can be encountered i n s t u d i e s of c l a y - s h a l e s (e.g. 12° for 
the Oxford Clay, Parry, 1972). The overconsolidated laminated 
Gale Common m a t e r i a l s shown i n Table 5.11 a l s o have quite a 
marked anisotropy, p a r t i c u l a r l y when comparing the t r i a x i a l 
t e s t r e s u l t s with shear-box specimens i n which the laminations 
were a l i g n e d p a r a l l e l to the plane of shear. The e f f e c t may be 
inf l u e n c e d to a c e r t a i n extent by the presence of n e a r - v e r t i c a l 
r o o t l e t s i n the t r i a x i a l samples. These r o o t l e t s could be more 
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e a s i l y excluded from the shear-box specimens. I t must be 
admitted that because of d i f f e r e n c e s i n s t r e s s regimes during 
t e s t i n g , comparisons between shear-box and t r i a x i a l r e s u l t s 
may be i n v a l i d . However, Leach (1973)i using a small 60m x 60m 
shear-box a l s o found a marked anis t r o p y i n 0 1 i n an over-
consolidated Late Devensian laminated lake c l a y from Hebburn-
upon-Tyne. For a s u i t e of 9 samples t e s t e d at varying angles 
to the plane of shear, the shear strength parameters ranged from 
p 
c' = 14 to 31.1 kN/m , 0'' = 1^.8 - 23.8 degrees, a somewhat 
greater anistropy i n 0 1 than for the Gale Common laminated c l a y s . 
I t i s n o t i c e a b l e that the non-laminated lower c l a y from 
Trench E (Table 5*8) shows l i t t l e a n i s t r o p y . 
I t i s a l s o stronger than the lower c l a y from other l o c a t i o n s , 
having a s t r e n g t h s i m i l a r to the upper, mottled, c l a y . 
Turning to the e f f e c t i v e shear strength parameters from 
the e a r l i e r i n v e s t i g a t i o n , these show c l o s e s i m i l a r i t y to those 
from the l a t e r i n v e s t i g a t i o n . T h e i r v a r i a t i o n i s probably a l s o 
due to the anisotropy of the laminated c l a y l a y e r , r a t h e r than 
changes i n strength with l o c a t i o n or depth. L a r g e - s c a l e 
d i s t o r t i o n s of laminations i n lake c l a y s do occur (see Legget, 
1962, Figure ^.3) and they may t h e r e f o r e become o r i e n t a t e d i n 
the plane of p o t e n t i a l t r i a x i a l shear v/hen sampled. A l t e r n a t i v e l y 
the lamination r e o r i e n t a t i o n may be a r e s u l t . o f disturbance during 
dynamic sampling with driven UlOO's. 
5.^.3. S t a b i l i t y a n a l y s e s 
5.^.3.1. Sections analyzed 
The s t a b i l i t y a n a l y s e s undertaken by the w r i t e r are p r i m a r i l y 
concerned with the e v a l u a t i o n of shear s t r e n g t h parameters 
determined during the course of the present work. Analyses 
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TABLE 5.3 
EFFECTIVE SHEAR STRENGTH PARAMETERS 
Clay Type 
o' ? 0' 
kN/m ' degrees 
( s t a t i s t i c a l f i t ) 
Type of Test 
Upper, 
ge n e r a l l y mottled 6.1 25.5 
Drained t r i a x i a l with 
back-saturation 
Lower laminated 17.7-33.7 19.6-22 Drained t r i a x i a l with 
back-saturation 
Lower laminated 10.0-16.1 1^.5-15.2 Drained shear-box, 
laminations h o r i z o n t a l 
Lower laminated 23.7 19.0 Drained shear-box 
laminations 90 to 
h o r i z o n t a l 
Lower, Trench E 31.2 25.1 Drained t r i a x i a l with 
back-saturation 
Lower, Trench E 13.9 2^.8 Drained shear-box, 
bedding h o r i z o n t a l 
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for the scheme i t s e l f have been conducted by the Consulting 
Engineers (Messrs. Eendal Palmer and T r i t t o n ) on behalf of the 
C e n t r a l E l e c t r i c i t y Generating Board. This being the case the 
present a n a l y s e s concern only the southern embankment which 
i s intended to be constructed e n t i r e l y of c o l l i e r y shale from 
K e l l i n g l e y C o l l i e r y . Analyses r e l a t i n g to embankments constructed 
i n P.F.A. are outside the scope of t h i s t h e s i s . 
Two s e c t i o n s have been analyzed, one of the o r i g i n a l 
proposed p r o f i l e , and one of a new p o s s i b l e p r o f i l e proposed 
by the Consulting Engineers ( F i g u r e s 5-28 and 5»29)« The f i e l d 
i n v e s t i g a t i o n showed that the nature of the c l a y v a r i e s under 
the s i t e of the southern embankment. To the e a s t , weak, 
a n i s o t r o p i c laminated c l a y i s present. T h i s changes to stronger, 
purple s i l t y c l a y i n the west. The c r o s s - s e c t i o n s are therefore 
loc a t e d i n the eastern part of the southern embankment. 
5»*<-.3«2. Parameters used i n s t a b i l i t y analyses 
The parameters employed i n the s t a b i l i t y a n a l y s e s are shown 
i n Table 5«9« Those f o r the embankment are the curved Hohr 
envelope parameters found i n the current work. They a r e : -
m = 1.32*1-
z = 0.890 
The average bulk d e n s i t y , I.89 Hg/m v/as determined from s i x 
sand replacement t e s t s c a r r i e d out i n the southern embankment 
(see Chapter 2.3.5)* 
The parameters f or the lov/er laminated c l a y have been used 
to represent the e n t i r e 25-Foot D r i f t c l a y d i v i s i o n for s i m p l i c i t y . 
The values are those derived from the 1973-7^ s i t e i n v e s t i g a t i o n , 
while Messrs Wimpey's 1963 s i t e i n v e s t i g a t i o n provided the 
values f o r the sands. 
3*U. 
For the h y d r a u l i c a l l y placed P.F.A. s l u r r y i n the lagoon, 
an undrained shear strength was adopted. Messrs Wimpey's 
1963 s i t e i n v e s t i g a t i o n a l s o included vane shear strength 
p r o f i l e s from P.F.A. lagoons at High Marnam. The s t r e n g t h 
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was uniform with depth, averaging 10 kN/m . P.F.A. being 
somewhat s i l t y , the s t r e n g t h i s l i k e l y to be greater than t h i s 
( r e - Chapter *U*f). T h i s being so, t h i s value (which was the 
only information for P.F.A. s l u r r y i n the area) can be s a f e l y 
adopted. 
5.**.3»3» Pore pressure development during c o n s t r u c t i o n 
Because of the low r a t e of c o n s t r u c t i o n of only 3«3m i n 
every two y e a r s , excess pore pressures are u n l i k e l y to be a 
problem. 
For the foundation c l a y s , an a n a l y s i s was conducted using 
the c o n s o l i d a t i o n data to c a l c u l a t e the excess pore pr e s s u r e . 
The method was s i m i l a r to that used for the Gedling problem 
(iSection 5.3.3«6.), i . e . that o u t l i n e d i n Lambe and Whitman 
(1969). From the trench logs (Table 5.5)» the g r e a t e s t t h i c k n e s s 
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of c l a y i s some 2.2m. Applying to t h i s a c^ value of 3«5 m / y r , 
i . e . that p e r t a i n i n g to the lower, laminated, c l a y (Table 5*7) 
and which must be a p e s s i m i s t i c estimate for the c l a y as a 
whole, as the c^'s of the upper, mottled, s e c t i o n are higher, 
the pore pressure c a l c u l a t e d by the pore pressure program 
(Appendix C) showed that the pore pressure developed by each 
l i f t would d i s s i p a t e before the next l i f t was emplaced. The 
problem therefore becomes one of p r e d i c t i n g the pore pressure 
developed a f t e r each l i f t . As each l i f t takes 6 months to 
emplace, a f i g u r e equal to the e x t r a load generated by the l i f t 
i s c l e a r l y not appropriate. The i n d i v i d u a l l a y e r s i n a l i f t 
are of 0.3m t h i c k n e s s , placed on average one per 2.6 weeks. 
Employing these f i g u r e s i n the program (Appendix C ) , a pore 
pressure at the end of c o n s t r u c t i o n of 2.2m of water v/as 
obtained. A l i n e of piezometers' l o c a t e d under the v/estern 
embankment ,(Figure 5-19) give r e s u l t s , ( F i g u r e 5-30) compatible 
with these c a l c u l a t e d r e s u l t s . The somewhat high l e v e l s shown 
by two piezometers l o c a t e d beneath the lagoon are b e l i e v e d 
to be due to poor sealing. 
Turning to the embankment, the pore pressures cannot be 
e a s i l y computed, owing to the complex geometry of the s i t u a t i o n . 
I t w i l l be noticed from Figure 5«29i that there i s no part of 
the proposed f i n a l p r o f i l e which i s f u r t h e r than 15m from a 
drainage s u r f a c e . Using t h i s f a c t , i t i s p o s s i b l e to make a 
crude estimate of p o s s i b l e pore p r e s s u res by c a l c u l a t i n g the 
pore pressure at the centre of a 50m t h i c k l a y e r undergoing 
drainage at two opposite boundaries. A c o n s o l i d a t i o n t e s t 
was performed upon a compacted specimen of the passing 19 mm 
f r a c t i o n of K e l l i n g l e y s p o i l . T h i s y i e l d e d an average c y 
2 2 value of 860 m / y r over the pressure range 10-600 kN/m . 
Using t h i s value i n the pore pressure program (Appendix C ) , 
a s i m i l a r r e s u l t to that obtained for the foundation c l a y s 
i s found, namely that pore pressures generated by one l i f t 
d i s s i p a t e before the next i s emplaced. A s i m i l a r assumption 
to that used above for the foundation c l a y s was employed to 
c a l c u l a t e the pore pressure a f t e r the emplacement of one l i f t , 
i . e . eleven 0.5m l a y e r s emplaced every 2.6 weeks. T h i s r e s u l t e d 
i n a maximum p o s s i b l e value for the pore pressure i n the centre 
of the embankment of 1.8 metres of water. I t should be noted 
that t h i s d i s s i p a t e s very r a p i d l y being l e s s than lomm of water 
a f t e r 6 months. 
3^3. 
TABLE 5.9 
PARAMETERS USED IN GALE COMMON STABILITY ANALYSES 
Ma t e r i a l 





K e l l i n g l e y C o l l i e r y 
Shale. 1.32^ 0.890 1.89 






Laminated c l a y p a r a l l e l 
to laminations 16 .1 15.1 
Sand 0 37.0 2.06 
H y d r a u l i c a l l y placed 
P.F.A. 10 0 1.6o 
3Vf . 
5.^.3.^. O r i g i n a l S e c t i o n ( F i g u r e 5.28) 
The s t a b i l i t y of the o r i g i n a l proposed s e c t i o n has been 
considered by the w r i t e r to see what the s t a b i l i t y s i t u a t i o n 
i s i n the l i g h t of the t e s t data determined for c o l l i e r y 
d i s c a r d s . The c r i t i c a l f a i l u r e s u r f a c e s w i l l occur i n two 
p o s i t i o n s . The f i r s t i s the downstream face of the embankment 
and concerns the a b i l i t y of the embankment to stand on the s o f t 
foundations, and the second concerns the a b i l i t y of the 
embankment to r e s i s t s l i d i n g on the weak laminated c l a y s due to 
the force produced by the E.F.A. s l u r r y i n the lagoon. 
As can be seen from Figure 5.23 the F a c t o r s of Safety are 
high, implying that the embankment i s p e r f e c t l y s t a b l e . I t i s 
noti c e a b l e that the laminated c l a y , with i t s low shear str e n g t h 
p a r a l l e l to i t s laminations c o n t r o l s the p o s i t i o n of the c r i t i c a l 
s u r f a c e s . 
5./+.3.5. New Section ( F i g u r e 5.29) 
Comparison of the proposed new s e c t i o n with the old, 
(Figu r e 5.20) shows that the downstream face has been f l a t t e n e d 
s l i g h t l y , r e s u l t i n g i n a general l o s s i n the mass of the 
embankment. These a l t e r a t i o n s could be expected t o ( a ) i n c r e a s e 
the s t a b i l i t y of the a c t u a l embankment (b) decrease the a b i l i t y 
of the embankment to r e s i s t the pressure from the lagoon. As 
Figure 5^29 shows, these expectations are j u s t i f i e d , the Factor 
of Safety of the embankment i n c r e a s i n g from 1.8'f- to 1.92 w h i l s t 
that of a surface such as ( l ) decreases from 1.75 to 1.68. 
However, the embankment i s s t i l l p e r f e c t l y s t a b l e . 
During the 1973»7^ s i t e i n v e s t i g a t i o n , i t was noted that 
the P.F.A. s l u r r y l i q u e f i e d extremely e a s i l y . T h i s being the 
case, and as mining has r e c e n t l y been resumed under the s i t e 
3^5. 
(January 19?6) , with the p o s s i b i l i t y that subsidence movements 
might provide s u f f i c i e n t ground motion to l i q u e f y the P.F.A. 
s l u r r y , f u r t h e r a n a l y s e s have been c a r r i e d out assuming l i q u e f i e d 
P.F.A. i n the lagoon. I n t h i s case, the Factor of Safety i s 
1.53» showing that the new s e c t i o n i s capable of withstanding 
the v/orst conditions l i k e l y to occur. 
At t h i s point i t i s pert i n e n t to consider what e f f e c t a 
change i n the embankment m a t e r i a l might produce. I t w i l l be 
remembered from Chapter 2.3 that K e l l i n g l e y s p o i l i s extremely 
coaly - 26 per cent organic carbon. What would happen i f the 
K e l l i n g l e y washery were to be improved? The shear s t r e n g t h of 
the m a t e r i a l would f a l l ( T a y l o r , 197^b) and the bulk density 
v/ould i n c r e a s e , the density of c o a l being l e s s than that of 
s h a l e . The reduction i n shear s t r e n g t h would a f f e c t the down-
stream s t a b i l i t y of the embankment, but because t h i s s e c t i o n 
has such a l a r g e margin of s a f e t y , i t i s u n l i k e l y to a f f e c t 
i t d r a s t i c a l l y . Using parameters g i v i n g a f a l l i n 0' g of 5°» 
a reduction p r e d i c t e d for a f a l l - o f f i n organic carbon of 
15 per cent (see F i j u r e 5 , Taylor, 197^b) - the Factor of Sa f e t y 
i s s t i l l 1 .8. 
When the case of the embankment being pushed bodily on 
i t s foundations by the pressure of lagoon deposits i s 
considered, i t i s c l e a r that the i n c r e a s e i n mass produced 
by the i n c r e a s e i n bulk density w i l l i n c r e a s e the Factor of 
Safety. Thus there is no apparent cause f or alarm over changes 
i n the nature of the m a t e r i a l from the c o l l i e r y . 
5»5» Conclusions 
From the s t a b i l i t y analyses c a r r i e d out i n connection with 
the Gedling s p o i l heap, i t has been found that the presence of 
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a weathered l a y e r on old t i p s i s detrimental to t h e i r s t a b i l i t y 
when they are heightened assuming that a corresponding i n c r e a s e 
i n toe area i s not included i n the design. T h i s should be borne 
i n mind when t i p s constructed of e a s i l y degradable m a t e r i a l s such 
as s e a t e a r t h s ( i . e . s i m i l a r to Gedling) are to be extended, 
Weak, weathered zones could a l s o occur upon p a r t s of the t i p 
during c o n s t r u c t i o n , where, for any reason, c o n s t r u c t i o n i s 
h a l t e d for periods of 6 months or more (Secbion C-C, Figure 5-7» 
for example). When such occurrences a r i s e i t would be 
a d v i s a b l e to a s s e s s the s t a b i l i t y a l lowing for c o n s i d e r a t i o n of 
the weak l a y e r i n the a n a l y s i s . 
The weathered c r u s t when developed can, however, improve 
the s t a b i l i t y of the s u p e r f i c i a l zone of the f i n a l s p o i l heap. 
T h i s i s due to the development of cohesive f o r c e s betv/een the 
c l a y p a r t i c l e s l i b e r a t e d by p h y s i c a l degradation from the s h a l e 
p a r t i c l e s . 
Lagoons v / i l l only cause s t a b i l i t y problems when they are 
not f r e e d r a i n i n g and are c l o s e to the toe of the s p o i l heap. 
Drainage w i l l depend upon the s i t e . " F i r - t r e e " banked lagoons 
have the worst geometry, i n that s l u r r y / t a i l i n g s v / i l l occur 
near to the toe of the s l o p e . As both the a n a l y s e s on Gedling 
and Gale Common showed, where s u f f i c i e n t l y l a r g e embankments 
with l a r g e toe areas are present i n front of the lagoon 
sediments, the s t a t e of the l a t t e r w i l l not cause the o v e r a l l 
s t a b i l i t y to be c r i t i c a l l y a f f e c t e d . Thus, where lagoons of 
unknown p r o p e r t i e s e x i s t , the s a f e s t method of overtipping would 
be to b u i l d a l a r g e compacted toe to support the e x i s t i n g 
embankment. 
The use of c 1 , 0' parameters for m a t e r i a l , the Hohr 
f a i l u r e envelope of v/hich i s i n r e a l i t y curved, can give r i s e 
3^7. 
to overestimates of values of the F a c t o r of Safety of a s l o p e . 
This i s e s p e c i a l l y marked f o r shallow s l i p s u r f a c e s , where, 
the normal s t r e s s being f a i r l y s m a l l , the cohesion parameter 
provides a l a r g e proportion of the apparent shear s t r e n g t h . 
In c o n t r a s t , an a l t e r n a t i v e method of f i t t i n g s t r a i g h t 
l i n e parameters to curved envelopes, i . e . using the 0*^ value, 
s e v e r e l y underestimates the F a c t o r of S a f e t y . 
T h i s , w h i l s t being a safe method from the design point 
of view, w i l l give r i s e to w a s t e f u l use of a v a i l a b l e t i p p i n g 
a r e a s , slopes being f l a t t e r than they need to be. While the 
use of a curved envelope i n c r e a s e s the amount of computer time 
needed*, and thus the cost of the a n a l y s i s , the 0' g method 
w i l l r e s u l t i n greater expenditure on land than i s necessary. 
The economics of.using a curved envelope f i t w i l l thus depend 
on the cost of computer time compared to the cost of land at 
the t i p p i n g s i t e . 
* A curved f i t uses approximately l o times more computer 
time than a l i n e a r f i t i n s t a b i l i t y c a l c u l a t i o n s . 
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DIVISION OF SLOPE INTO SL ICES FIGURE 5.3 
a) Initial section with slice boundaries at c h a n g e s 
in slope of failure surface 
b) Slice boundaries at intersections of failure sur face 
with material boundaries & with phreatic surface 
c) Slice boundaries at changes in slope of top 
surface 
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FIGURE 5.16 
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GEOLOGICAL SKETCH MAP OF LAKE HUMBER 
( FIGURE 3 a , TAYLOR et a l , 1 9 7 6 ) 
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GENERAL GEOLOGY OF GALE COMMON AREA 
( FIGURE 3 b , TAYLOR et a l , 1 9 7 6 ) 
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FIGURE 5.24 
GALE COMMON DRIFT AND BEDROCK PROFILE 
( FIGURE 4, TAYLOR et a l , 1 9 7 6 ) 
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GALE COMMON UPPER CLAYS PLASTICITY PROPERTIES 
( FIGURE 6, TAYLOR et a l , 1976 ) 
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GALE COMMON, EFFECTIVE PRESSURE - VOIDS RATIO 
( FIGURE 8 , TAYLOR et a l , 1 9 7 6 ) 
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GALE COMMON. SOUTH EMBANKMENT TO LAG-OON B, PROPOSED NEW SECTION 
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CHAPTER 6 
GENERAL SUMMARY AND CONCLUSIONS 
The c o n c l u s i o n s reached d u r i n g the course o f t h i s work 
w i l l now be reviewed w i t h s p e c i a l emphasis on t h e i r e f f e c t s 
on s l o p e s t a b i l i t y . 
The presence o f a p o s i t i v e cohesion parameter has c o n s i d e r a b l e 
i n f l u e n c e upon t h e F a c t o r o f S a f e t y o f a s l o p e . The f a c t t h a t 
c o l l i e r y s p o i l s show a s t a t i s t i c a l l y s i g n i f i c a n t * o v e r a l l v a l u e 
o f c o h e s i o n j n e e d s , t h e r e f o r e , t o be c a r e f u l l y c o n s i d e r e d . The 
cohesion v a l u e has two p o s s i b l e e x p l a n a t i o n s ; e i t h e r c o l l i e r y 
s p o i l s a c t u a l l y possess cohesion, or th e y have curved f a i l u r e 
envelopes. I t i s not p o s s i b l e , s t a t i s t i c a l l y , t o r e j e c t e i t h e r 
o f these hypotheses, t h e r e b e i n g no t e s t which i s a p p l i c a b l e 
f o r t h e p r e s e n t case i n v/hich t h e amount o f c u r v a t u r e i s s m a l l . 
I t i s , however, p o s s i b l e t o show t h a t s p e c i a l l y prepared samples 
o f c o l l i e r y s p o i l show s t a t i s t i c a l l y s i g n i f i c a n t cohesion v a l u e s . 
As these samples were o f coarse sand s i z e , and l o o s e l y p l a c e d 
( e . g . Table 3.3 ) i t i s ve r y u n l i k e l y t h a t t h ey d i d a c t u a l l y 
possess c o h e s i o n . Hence c o l l i e r y s p o i l m a t e r i a l s can show 
curved f a i l u r e envelopes and i t i s reasonable t o suppose t h a t 
cohesion v a l u e s o f most o t h e r c o l l i e r y s p o i l s a r e , i n f a c t , 
a r e f l e c t i o n o f curved f a i l u r e envelopes. 
When c o n s i d e r e d s p o i l by s p o i l , i t became apparent t h a t 
c u r v a t u r e i s a s s o c i a t e d m a i n l y w i t h s p o i l s o f ra n k kOO t o 901. 
S p o i l s w i t h h i g h e r r a n k s are w i t h o u t s i g n i f i c a n t cohesion, 
and t h e f a i l u r e envelope can be taken as l i n e a r , a t l e a s t i n 
2 
t h e p r e s s u r e range 0 to 1,000 kN/m which would be expected i n 
a s p o i l heap. 
99.0 per cent p r o b a b i l i t y t h a t c'>0 (see Table 3.D. 
373. 
The curved f a i l u r e envelope of s p o i l s i s approximated 
reasonably w e l l by an expression of the form: 
X = m ) Z 
where m and z are constants. Average values f o r English 
and Welsh s p o i l s are given i n Table 6.1, and i l l u s t r a t e d 
i n Figures 6.1 and 6.2. 
The slope s t a b i l i t y equations can be e a s i l y modified 
to accept t h i s curved f a i l u r e envelope (Chapter 5.1*3)• Analysis 
of the East Tip at Gedling C o l l i e r y shows t h a t , f o r shallow 
f a i l u r e surfaces a l i n e a r c ', J3 envelope overestimates the Factor 
of Safety by 0.39, (some 33 per cent) when compared to values 
obtained f o r a curved envelope. For deeper surfaces, the l i n e a r 
envelope gives values approaching closer to those derived from 
curved envelopes, the e r r o r being only 5 per cent f o r a toe 
f a i l u r e surface. 
As curved envelopes r e q u i r e more computing time than do 
s t r a i g h t ones, an analysis using curved envelopes w i l l be more 
expensive. I t i s thus not sensible t o use them when not 
necessary, i . e . where the p o t e n t i a l f a i l u r e surface i s deep 
seated. An example of t h i s i s the analysis of the South Embank-
ment at Gale Common, where the c r i t i c a l surface i s c o n t r o l l e d 
by the underlying v/eak laminated c l a y . Use of a curved envelope 
f o r the embankment ma t e r i a l as i n the analysis performed i n the 
current work would not be j u s t i f i e d economically. I n c o n t r a s t , 
the a n a l y s i s of Gedling East t i p using a curved envelope revealed 
shallow s l i p surfaces w i t h Factors of Safety below the r e q u i s i t e 
value of 1.25 which were undetectable when l i n e a r c ,0 parameters 
were used. 
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discard i n general, there i s reason to believe t h a t the undisturbe 
s u r f i c i a l s k i n of a s e a t e a r t h - r i c h t i p such as Gedling can develop 
cohesion. The s p o i l i s subject to intense physical d i s i n t e g r a t i o n 
although remaining m i n e r a l o g i c a l l y unaltered, which r e s u l t s i n i t s 
angle of shearing resistance being considerably reduced. V/hen 
considered i n terms of a l i n e a r envelope, the value of 0 1 of the 
weathered crust of Gedling t i p i s some 6.5 degrees less than 
that of the body of the t i p . While, due to i t s cohesion, t h i s 
weathered m a t e r i a l v/hen at the surface, may be stronger than 
the unweathered m a t e r i a l , when buried to any depth by l a t e r 
s p o i l , i t w i l l form a zone of weakness i n the t i p . Such a 
buried weathered zone i n Gedling East t i p lowers the Factor 
of Safety by 0.11, a reduction of some 7 per cent (Table 5^1)• 
Against t h i s argument, the point must be made that the Factor 
of Safety against shallow f a i l u r e s can be increased by the 
presence of a weathered c r u s t . For Section B-B i n Gedling 
East t i p (Table 5*1)» a weathered crust increases the value 
of F by 0.3, a 26 per cent r i s e . 
Spoils without high seatearth contents do not break down 
so r e a d i l y upon exposure. When compacted; the/ are r e s i s t a n t 
f o r a period of at l e a s t 6 years, only minimal mine r a l o g i c a l 
weathering ( l i m o n i t e s t a i n i n g ) occurring i n t h i s time. When 
unsaturated and uncompacted, however, i t shows considerable 
a l t e r a t i o n , both p h y s i c a l l y and m i n e r a l o g i c a l l y , over an 8 year 
period. This behaviour was noted w i t h K e l l i n g l e y s p o i l , of 
rank 502 and 702. S i m i l a r behaviour was noted by Kennard et a l 
(1967) f o r Namurian shale f i l l at Balderhead and 3urnhope over 
a 30 year period. This f i l l came from s t r a t a i n the northern 
Pennines which are associated w i t h high rank coals (100 to 200; 
Jones and Cooper, 1970). Hence, t h i s behaviour would appear 
to be f a i r l y general f o r 'shale' s p o i l s . I t i s apparent, 
t h e r e f o r e , t h a t f o r modern, compacted low seatearth content 
t i p s there w i l l be no s t a b i l i t y problem caused by weathered 
l a y e r s . 
This d i f f e r e n c e i n behaviour between high and low seatearth 
content t i p s can be a t t r i b u t e d to the nature of seatearths. They 
tend t o contain numerous slic k e n s i d e d d i s c o n t i n u i t i e s which make 
them prone to physical d i s i n t e g r a t i o n . I n comparative t e s t s 
upon South Wales C o a l f i e l d shale types, seatearths weathered 
much more r a p i d l y than d i d other shale types (Lawrence, 1972). 
Their behaviour on t i p s i s thus not unexpected. 
Whether or not f i n e discard i n a lagoon w i l l cause a 
s t a b i l i t y problem w i l l depend upon the geometry of the lagoon 
bank. Banks of large cross section and downstream c o n s t r u c t i o n , 
such as Gedling East t i p and Gale Common are stable even i f the 
lagoon behind them l i q u e f i e s . With upstream const r u c t i o n 
methods and the r e s u l t i n g small embankment cross s e c t i o n , 
s t a b i l i t y upon o v e r t i p p i n g becomes dependent on the behaviour 
of the lagoon sediments (e.r;. Gedling West t i p lagoon, 
Chapter 5«3.3-6.). Slowly c o n s o l i d a t i n g sediments w i l l impose 
a maximum safe r a t e of cons t r u c t i o n due to the slow d i s s i p a t i o n 
of the excess pore water pressures t h a t are induced by loading. 
The r a t e of con s o l i d a t i o n v a r i e s markedly across a lagoon. 
2 
Near the i n l e t i t i s high, w i t h values of c^ of 200 to 1,000m / y r 
2 
These drop to betv/een 2 to 10 m /y r as the o u t l e t i s approached. 
This v a r i a t i o n i s due to the change i n g r a i n size from coarse 
to f i n e across the lagoon. I n terms of s t a b i l i t y , i t i s d e s i r a b l 
t h a t the f r e e d r a i n i n g coarser m a t e r i a l which i s associated w i t h 
the i n l e t should be allowed to s e t t l e adjacent to the weakest 
part of the containing embankment. This assumes, of course, 
that the embankment i s i t s e l f f r e e d r a i n i n g . That t h i s may 
not be the case i s i l l u s t r a t e d by Cadeby Lagoon 9 where the 
embankment i n the o u t l e t h a l f of the lagoon had a permeability 
-12 
of only 10 m/s, some s i x orders of magnitude less than the 
permeabil i t y of the lagoon sediments adjacent to the embankment. 
Proper f i l t e r p r o t e c t i o n of the embankment i n the o u t l e t area 
i s probably required, as the low embankment permeab i l i t y i s 
most l i k e l y caused by f i n e m a t e r i a l from the lagoon being 
c a r r i e d i n t o the embankment. 
While considering t h i s matter, i t i s worth p o i n t i n g out 
that a permeable f l o o r to a lagoon w i l l also be an e f f e c t i v e 
d r a i n . I n s p i t e of t h e i r laminated s t r u c t u r e , lagoon sediments 
show l i t t l e , i f any, anisotropy. This i s probably due to small 
and large scale disturbances of the laminae which appears to be 
common. Anisotropy only shows i t s e l f , i n f a c t , i n the v i s u a l l y 
homogenous o u t l e t m a t e r i a l , where, at Gedling Lagoon 12 the 
h o r i z o n t a l permeability i s some 25 per cent greater than the 
v e r t i c a l p e r m e a b i l i t y . This i s not a very large d i f f e r e n c e , 
and i s dwarfed by the 4,700 per cent increase i n permeabi l i t y 
occurring on passing from o u t l e t t o i n l e t . I n terms of 
p r o p o r t i o n a l lengths of drainage paths, even f o r a small lagoon 
the width (and hence the h o r i z o n t a l drainage path) i s some f i v e 
times as large as the depth (the v e r t i c a l drainage path). For 
a t y p i c a l lagoon, the r a t i o i s nearer 12:1, and f o r some shallow 
lagoons can reach 20:1. These values are f a r greater than the 
r a t i o of h o r i z o n t a l to v e r t i c a l p e r m e a b i l i t y of the deposits, 
so the permeability of the lagoons f l o o r i s obviously an 
important f a c t o r i n the drainage of the sediments. 
While considering the p e r m e a b i l i t y and c o e f f i c i e n t of 
co n s o l i d a t i o n of lagoon sediments, i t i s worth not i n g t h a t the 
type of f l o c c u l a n t employed does not have any economically 
consistent e f f e c t upon these parameters. 
I f current areas of high pore pressure can be located 
i n a lagoon t h i s can prove u s e f u l both i n o v e r t i p p i n g s t a b i l i t y 
c a l c u l a t i o n s and i n excavation of the lagoon. Vane t e s t s , where 
combined v/ith measurements of p l a s t i c i t y index and bulk d e n s i t y , 
can be used to give some info r m a t i o n on t h i s subject. Provided 
th a t the lagoon deposits are normally consolidated, the shear 
s t r e n g t h measured by the vane should l i e between two p r e d i c t a b l e 
values. The highest i t should be is given by the r e l a t i o n : 
- j j = tan 0' 
P 
where s = shear stre n g t h 
p = e f f e c t i v e pressure. 
I f t h i s value i s exceeded, then overconsolidation, which 
w i l l normally have been caused by de s i c c a t i o n , may be suspected. 
The lowest value should be th a t p r e d i c t e d by Skempton's (1957) 
r e l a t i o n f o r clays, namely: 
c 
= 0.11 + 0.0057 PI 
P 
where c = shear stre n g t h 
p = e f f e c t i v e pressure 
PI = p l a s t i c i t y index 
A lower value than t h i s i s i n d i c a t i v e of underconsolidation, 
and consequently po i n t s to an area of high pore water pressures. 
While there i s considerable v a r i a t i o n i n the r a t e of 
co n s o l i d a t i o n across a lagoon, the t o t a l amount of c o n s o l i d a t i o n , 
379. 
as shown by the c o e f f i c i e n t of volume c o m p r e s s i b i l i t y (m v), 
stays r e l a t i v e l y uniform. This i n d i c a t e s that the raised beach 
at the i n l e t end of a lagoon (Figure ^.1) i s a primary 
d e p o s i t i o n a l f e a t u r e , and not a r e s u l t of d i f f e r e n t i a l settlement. 
When o v e r t i p p i n g i s resorted t o , d i f f e r e n t i a l settlement 
v / i l l occur between the part of the new t i p founded on the lagoon 
sediments and the part of the t i p founded on coarse s p o i l . 
D i f f e r e n t i a l settlements of over 4 metres can be associated w i t h 
o v e r t i p p i n g by 30 metres of s p o i l . This amount of displacement 
i s s u f f i c i e n t to reduce the shear s t r e n g t h of some s p o i l s 
(e.g. Gedling or Birch Coppice) t o a r e s i d u a l value. Analysis 
shows, however, that such a s i t u a t i o n i s u n l i k e l y to cause c r i t i c a l 
s t a b i l i t y problems, when the p o t e n t i a l weak zone i s deeply 
buried i n the macs of the t i p . 
While the displacement due to d i f f e r e n t i a l settlement may 
reduce the shear s t r e n g t h of s p o i l to a r e s i d u a l value, i t i s 
u n l i k e l y that the displacements associated w i t h bearing capacity 
type f a i l u r e s during the i n i t i a l o v e r t i p p i n g stages w i l l cause 
a s i m i l a r r e d u c t i o n , even though the displacements involved may 
be s i m i l a r . This i s due to the accelerated r a t e of p a r t i c l e 
breakdown ( and hence shorter displacement to r e s i d u a l ) associated 
w i t h the higher pressures found i n the body of a t i p . Apart from 
t h i s , f a c t o r s a f f e c t i n g r e s i d u a l shear stre n g t h are not w e l l 
known. There are two areas which might repay f u r t h e r research: 
the c o n t r o l s on the u l t i m a t e r e s i d u a l shear s t r e n g t h and the 
shape of the r e s i d u a l shear s t r e n g t h envelope. A r i n g shear 
apparatus would be necessary f o r the l a t t e r i n v e s t i g a t i o n . 
With the reversing shear-box, the loss of sample makes i t 
impossible to determine r e s i d u a l shear stre n g t h at constant 
normal stresses below 300 - *f00 kN/ra . The r i n g shear-box 
does not s u f f e r from sample loss to the same degree (Bishop 
et a l , 1971) and should thus be able to reach the true 
r e s i d u a l shear s t r e n g t h , even i f large displacements are 
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APPENDIX A 
SLOPE STABILITY PROGRAM 
A . l Program use 
The s l o p e t o be ana l y s e d s h o u l d be drawn up on graph paper 
and o r i e n t a t e d such t h a t t h e t o e p o i n t s towards the l e f t ( F i g u r e A . l ) . 
A system o f r e c t a n g u l a r C a r t e s i a n c o o r d i n a t e s are th e n drawn, w i t h 
the x - a x i s h o r i z o n t a l , and the y - a x i s v e r t i c a l . C o o r d i n a t e s s h o u l d 
i n c r e a s e from l e f t t o r i g h t , and from bottom t o t o p ( F i g u r e A . l ) . 
The program r e q u i r e s a l l d a t a t o be i n S . I . u n i t s ( i . e . 
dimensions i n metres, d e n s i t i e s i n Mg/m^, shear s t r e n g t h parameters 
2 
i n kN/m"- and de g r e e s ) . 
The data i s i n f r e e f o r m a t ( i . e . o n l y the o r d e r i s i m p o r t a n t ) 
and t h e f o l l o w i n g i s r e q u i r e d ( e . g . Table A . l ) : -
1) A t i t l e , which can be up t o s i x t y c h a r a c t e r s , and must be 
enclosed i n s i n g l e p a r e n t h e s e s . 
2) The number o f l a y e r s i n t h e s l o p e . 
The d a t a d e s c r i b i n g t h e l a y e r s f o l l o w s . A l l c o o r d i n a t e s 
a r e r e f e r r e d t o t h e g r i d system drawn u p ) . 
3) The number o f c o o r d i n a t e p a i r s d e s c r i b i n g t h e l a y e r . 
*0 Layer d e s c r i p t i o n , a g a i n up t o s i x t y c h a r a c t e r s enclosed 
i n s i n g l e parentheses. The f i r s t f o u r c h a r a c t e r s a r e used 
t o i n d i c a t e s p e c i a l c o n d i t i o n s i n the l a y e r , and t h e f i f t h 
s h o u l d always remain b l a n k . I f the f i r s t f o u r are l e f t 
b l a n k then t h e l a y e r w i l l be assumed t o have a non-curved 
i s o t r o p i c envelope. I t w i l l a l s o be assumed t h a t excess 
pore water p r e s s u r e s do not o b t a i n . Where one or more o f 
these assumptions i s i n v a l i d , i t i s i n d i c a t e d i n t h e f o l l o w i n g 
way: -
a) PP as the f i r s t tv/o c h a r a c t e r s i n d i c a t e s excess pore 
water p r e s s u r e s . 
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b) A as the t h i r d c h a r a c t e r i n d i c a t e s an a n i s o t r o p i c 
Mohr f a i l u r e envelope. 
c) C as t h e f o u r t h c h a r a c t e r i n d i c a t e s a curved Mohr 
f a i l u r e envelope. 
a) The c o o r d i n a t e p a i r s ( x , y ) o f t h e t o p s u r f a c e o f t h e 
l a y e r are g i v e n i n i n c r e a s i n g v a l u e s o f x ( i f a v a l u e 
o f x i s s m a l l e r than i t s prede cessor an e r r o r message 
i s p r i n t e d and e x e c u t i o n s t o p p e d ) . The f i r s t and l a s t 
v a lues o f x s h o u l d be t h e same f o r a l l t h e l a y e r s , 
except where a l a y e r "pinches o u t " . I n t h i s case t h e 
p o i n t o f div e r g e n c e or convergence w i t h t h e l a y e r below 
i s s p e c i f i e d . 
b) I f PP i s s p e c i f i e d , t h e n t h e pore p r e s s u r e a t t h e 
x - c o o r d i n a t e s o f the l a y e r s h o u l d be g i v e n i n metres 
o f water i n excess o f h y d r o s t a t i c . 
The s t r e n g t h parameters are then d e s c r i b e d . For m a t e r i a l s 
w i t h curved Mohr envelopes, e n t e r the parameters rn and z, 
from t h e e x p r e s s i o n For m a t e r i a l s w i t h l i n e a r 
Mohr envelopes, e n t e r c' and 0', from t h e e x p r e s s i o n 
X = c 1 + o " t a n 0'. 
For a n i s o t r o p i c m a t e r i a l s , two p a i r s o f parameters are 
e n t e r e d , those f o r t h e h o r i z o n t a l d i r e c t i o n b e i n g d e s i g n a t e d 
f i r s t . 
The b u l k d e n s i t y i s s p e c i f i e d . 
(Steps 3-7 s h o u l d be r e p e a t e d u n t i l a l l t h e l a y e r s are 
d e s c r i b e d ) . 
The number of c o o r d i n a t e p a i r s d e s c r i b i n g t h e p h r e a t i c 
s u r f a c e i s t h e n g i v e n . 
The c o o r d i n a t e p a i r s o f t h e p h r e a t i c s u r f a c e are s p e c i f i e d 
i n a s i m i l a r manner t o those o f t h e l a y e r s u r f a c e s . A s i m i l a r 
395. 
response w i l l be o b t a i n e d i n case o f e r r o r . 
10) "Jhen a slope i s p a r t l y submerged i n water, t h i s i s 
i n d i c a t e d by 'V/L' f o l l o w e d by t h e h e i g h t o f t h e water 
s u r f a c e . I f t h i s i s o m i t t e d a h e i g h t o f zero i s assumed. 
(The above procedure completes t h e d e s c r i p t i o n o f t h e 
s l o p e , and the p o t e n t i a l f a i l u r e s u r f a c e s may now be e n t e r e d ) . 
11) For a Janbu a n a l y s i s o f a n o n - c i r c u l a r s u r f a c e the f o l l o w i n g 
are r e q u i r e d : -
a) The number o f c o o r d i n a t e p a i r s d e s c r i b i n g t h e f a i l u r e 
s u r f a c e 
b) The l e t t e r J i n s i n g l e parentheses 
c) The c o o r d i n a t e p a i r s ( x , y ) o f t h e f a i l u r e s u r f a c e i n 
i n c r e a s i n g v a l u e s o f x are t h e n e n t e r e d . I f a t e n s i o n 
craclc i s p r e s e n t behind the c r e s t , then t h e p e n u l t i m a t e 
p o i n t s h o u l d be v e r t i c a l l y beneath the u l t i m a t e p o i n t , 
and i n t h e p o s i t i o n which d e f i n e s t h e bottom o f t h e 
c r a c k . For t h e best r e s u l t s , t h e r e s h o u l d be a t l e a s t 
f i f t e e n p o i n t s d e s c r i b i n g t h e f a i l u r e s u r f a c e . 
12) For a s i n g l e c i r c u l a r arc f a i l u r e s u r f a c e the f o l l o w i n g are 
r e q u i r e d : -
a) The number o f p o i n t s i n t o w h ich the arc s h o u l d be 
d i v i d e d ( p r e f e r a b l y more than f i f t e e n ) . 
b) One o f t h e f o l l o w i n g ( i n s i n g l e p a r e n t h e s e s ) t o 
p r e s c r i b e the type o f a n a l y s i s performed: 
i ) B - Bishop a n a l y s i s 
i i ) F - F e l l e n i u s a n a l y s i s 
i i i ) JBF - Janbu, Bishop and F e l l e n i u s a n a l y s i s 
i v ) BF - Bishop and F e l l e n i u s a n a l y s i s 
c ) C o o r d i n a t e s ( x , y ) o f t h e c e n t r e o f t h e c i r c l e 
d) Radius o f t h e c i r c l e . 
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13) For a Bishop a n a l y s i s o f a g r i d o f c i r c l e c e n t r e s , the d a t a 
r e q u i r e d are as f o l l o w s : 
a) As ( 1 2 ( a ) ) 
b) The l e t t e r s BGR i n s i n g l e parentheses 
c) The c o o r d i n a t e s o f t h e bottom l e f t hand corner o f 
the g r i d , w hich i s 15 x 15 p o i n t s 
d) The proposed increment betv/een a d j a c e n t p o i n t s o f t h e 
g r i d square 
e) The number o f the l a y e r i n t h e s l o p e t o which t h e 
c i r c l e s w i l l be t a n g e n t i a l (Note: i f a number l a r g e r 
t h a n t h e maximum number o f l a y e r o i s s p e c i f i e d , t h e n an 
e r r o r message i s p r i n t e d and t h e bottom l a y e r i s 
a u t o m a t i c a l l y s u b s t i t u t e d ) . 
f ) I f ( e ) was z e r o , then t h e g r a d i e n t and y - i n t e r c e p t o f 
any l i n e which i s t o be the common tangen t o f a l l t h e 
c i r c l e s must be i n s e r t e d . 
(Steps 11-13 may be r e p e a t e d i n any o r d e r , and any 
number o f t i m e s ) . The program w i l l t e r m i n a t e i t s e l f 
upon e n c o u n t e r i n g the end o f f i l e i n d i c a t o r p o s i t i o n e d 
a t t h e end o f the dat a f i l e . 
A.2 Program o u t p u t ( e . g . Table A2) 
The d a t a d e s c r i b i n g t h e s l o p e are p r i n t e d out i n t a b u l a r 
form. For n o n - c i r c u l a r and s i n g l e c i r c u l a r - a r c f a i l u r e s u r f a c e s , 
the program p r i n t s the s u r f a c e p a r t i c u l a r s f o l l o w e d by t h e t y p e o f 
a n a l y s i s . Two va l u e s o f the F a c t o r o f S a f e t y ( F ) are then p r i n t e d , 
the f i r s t a p p r o x i m a t i o n and the f i n a l v a l u e . The number o f 
i t t e r a t i o n s r e q u i r e d t o o b t a i n t h i s v a l u e i s a l s o p r i n t e d . 
For t h e g r i d , t h e program p r i n t s o ut the search square, 
w i t h d e t a i l s o f t h e l i n e or l a y e r t o which i t s c i r c l e s are 
t a n g e n t i a l . The x and y c o o r d i n a t e s o f t h e c i r c l e c e n t r e s a r e 
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